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ANNOTATION

New astrophysical discoveries have acquainted us
with the world of ultrahigh temperatures and pressures.
Under these conditions, par@iclés of atomic nuclérﬂ
nucleons - ¢an be accelerated to energies which correspond
to heating matter to trillions of degrees. When such
particles collide, an unimaginably high energy is
concentrated, leading to the simultanecus creation
(generation) of a multitude of new particles: mesons, .
-éxCited nucleons, and ahtipérticles. This book de-
scribes the experimental meﬁhods of studying multiple
particle generatlon with the aid of cosmiec rays and .

. powerful charged particle.aécelerators.



. INTRODUCTION .

In the World of Ultrahigh Temperatures : . /3%
|

As sclence penetrates to thé depths of the Unlverse, particles
of matter with very high temperaﬂures and very large-energies are
encountered more and more often. ; Of course the eplthets "very
high" and "very large" are relative, especially for physics. Our
sSun, for example, owes.its blinding brightness to the thermal
radiation of its outer layers, to a temperature which we may call
fvéfy low — only 6000° Kelwvin. ﬁhisntemperature is "very low"
fbecause it corresponds to the avéfage energy of the chaotic motion
!of the particles of solar matter, an energy which 1s merely of
the order of magnitude of 0.6 el%ctnon volts (eV). The whole field
iof nueclear physics only begins aﬁ particle energles measured in
many thousands of electron voltsi

| ‘ .

It was recently learned that the Universe is uniformly filled
with radiation, the.characteristics of which indicate the existence
Lin the distant past of an ultrahoﬁ stage of development. Experi-
hents, as yet not very successful, are being undertaken to -~ -
measure the temperature of the in%erior of the Sun by means of
‘detecting the enission of highly penetrating particles, neutrinos.
:In the laboraftory, facilities aré being built whiech reproduce
the conditions of the solar inteﬂior and which inspire in man the
hope of soon controlling thermonunlear sources of energy. Dozens

3 of x-ray stars have already been ﬁiscovered in our galaxy, and
h their radiation indicates that oniented streams of particles

with energles.of many millions of electron volts (MeV) .are .. .....

3‘
% ¥ Numbers in the margin indicate pagination in original foreign
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“Clreulatinig in’ their interiors.é This energy corresponds €o
calculated temperatures of at least tens of billions of degrees
(1019 degrees)-‘

Other, even more astonishiﬁg stars have been discovered —
pulsars, which are somewhat 1iké super-large atomic nuclei with
densities and pressures charactéristic qf nuclei and with internal
- temperatures probably on the order of 10'2{degrees. Powerful | /4
| particle accelerators are in operation at Dubna, Serpukhov,
Novosibirsk, CERN, near Geneva, Orsay, near Paris, and Batavilia,
not far from Chicago. Beams oprarticles, ejected from these
accelerators and focused on special targets, create in infini-
tesimalvfractions of a second microscopic but nevertheless ultra-
bright "stérs", clusters of matter heated to temperatures of
a trillion degrees (~ 1012 degrees). These stars are called
fireballs by many physiclsts. Now and then such "stars', which
can only be detected by speecial devices, flare up in our sur-

- roundings and even within everyione of us as a result of cosmic
rays. Althoﬁgh it is still noticompletely clear what the term
"fireball" may or cught to mean; observations allow detailed
studies of the radiation emitted by fireballs. Such radiation

is not at all similar to light; it is not a portion of the
electromagnetic fileld which has been stripped of its rest mass,

" but rather heavy quanta of = spe01al type — wmesons, field

{ gquanta of strong Interaction. ?he energies of these quanta even
at the lowest velocltles are mofe than one hundred million times
larger than the total energies of photons in the optical SPectrum

and tens of thousands of times more than photon energy in the
x-ray spectrum. f

It is not surprising that the laws of emission and the sub-

. sequent-diverse reilncarnations éf the heavy quanta, the so-ealled =

k mesons, are fundamentally distinet from everything known about
the light quanta, the photons. One of the most essential



distinctions Is that many mesoné, as a rule, are-created simul-
_taneously At sufflclently high energleslstrongly 1nteract1ng
particles can create tens and even hundreds of mesons with. each
collision, whereas photons are iny created one-by-~-one in col-
lisions of hot atoms and molecuies. The reason for this funda-
mental difference is the intensity (or strength) of the interaction
between particles. The strong 1nteract10n is about 100 times
stronger than in electromagnetlc processes.

The strong character of the interaction of particles at
high energy leads to still another unusual result. It turns out
that in many instances the radiation of heavy quanta proceeds
through an intermediate stage of production of various resochances.
These are peculiar and unigue bits of matter with'improbably : /5
short periocds of existence (on the order of 10 2% seconds) and,
related to this, with extremely indeterminate values of masses
. and energies. This is all quité peculiar; it is as if they were
a "flickering" world of "not completely created" and indeed in
any case extremely unstable creations of nature. The interest
in what is occurring in this‘stfange world is not only important
to satisfy curiosity concerningtthe wonders of nature, but also
to understand the phenomena whiéh are occurring right now in
the "hot shops" of the Universe 'and which have been oceurring
throughout the entire Universe éince the dawn of its creation.

The Fundamental  Porces of Naturé

The world surrounding us is in a state of continuous motion
and continuous change. It is a world of phenomena and not
simply a world of objJects, although motion and change are im- B
possible without objects. As Wlth any complete sentence, 5
..predicate cannot exist without a subject (even if it is-only -- -
understood);  So it is with human thought, which has not lost|

itself in the wilderness of 1deallsm, that motion cannot be !



’“imagined'Without.sqmethingxmaving. Therefore it 1s not surprising
that gquestions concerning the p%inciples of motlon, and more
exactlys-thoese  concerning changés in..the_ state.of motion occupy .
the center of attention of philosophers and . physicists.

Ca e

Two great historic achievements of Newton at the beglinning
of the 18th century consisted of clearly formulating two laws
concerning these very principles. These are, on the one hand,
the law of dynamics (the relation between acceleration and force)
and, on the other hand, the law of gravitation, the law specifying
the forece of interaction (attraction) between any two bodies.
These laws enabled one to clearly explain, as Newbton himself
wrobe, "all motions of celestial bodles and the sea' (he was re-
ferring to the tides). But these very laws cannot describe the
majority of phenomena occurring in man's surroundings of the
everyday world. |
S Still another half cehtury?was needed so that Coulomb, Faraday,
Maxwell and cther physicists of: the 18.—1?E and 193& centuries
could discover and study the laws of motion of new forces. Thesé
are the electric and magnetic férces, which turn out to be
closely related to one ancther in the single electromaghetic Zé
interacticon of any electrically;charged bodies, and sometimes of
bodies that are on the whole neutral. As was later shown, these
forces are determined by the scattering of atoms and molecules
of all substances and by fthe aggregate state of any bit of
matter. ‘

!

Nearly another half centur§ passed, and Rutherford dlscovered
forces of a new type, which "support" the entire structure of
the exceptionally dense matter of the atomice nucleus, and which
subsequently received the name sstrong interaction. In contrast
-to- the--electrostatic and grav1tat10nal forces, the strong - --
interaction turned out to be short -ranged, but, by way of
compensation, significantly more intense.

4



"o As for the property of the "intensity" of forces, we will

.. have to wait until later for an explanation. For the time being

we will merely nete that basicaily cwing to the study of the
strong intergction and of the phenomena-of nature dependent on
it, it has been ascertained thaﬁ the representation of atomic
matter as the most simple, qualitatively stable, and indivisible
"little building blocks" of the' universe has no basis in fact.

However,“the discovery of én interaction of still another
type, the weak interaction, alsb made a significant contribution
to the perception of the variability of the elementary structural
units of matter. Precisely as a conseguence of the weakness of
this interaction, its characteristicijcarrier|, the neutrino,
turned out to be cépable of penétréiing practically everything
and is almost imperceptible. It was "captured" for the first
time merely some 15 years ago by F. Reines and €. Cowan with the
_aid of a nuclear reactor a powerful source of neutrinos.

The weak interaction is really extremely weak. It is about
1012 (10 billion) times weaker than the electromagnetic inter-
action and about 1012 (trlllion) times weagker than the strong.
But the most interesting thing 1s that even the weak 1nteractlon
(at least according to current conceptlons) is much stronger and
hence much more important for the undersftanding of the stability
and structure of elementary partlcles than gravitational inter-
'actlon which was discovered long ago. The pecullarlty of this
sifuation lies in the fact that‘although gravitation is "popular”
and universal, acting between any material bodies, and being by
far the longest-range force, 1t does not manifest itself at
all in the world of elementary partlcles Futhermore, because
of the weakness of gravitation, 1ts carrier (graV1tational waves) /7
has -been, in a simple sen@e, detected but 1ndeed not very con=-
vinecingly, only in the last f@mryearsby means of exceptionally
sensitlive devices.



‘Bach of the four fundamental forces of nature (strong,
giecﬁppméghetig?_wggk! and grav1tat10nal) has 1ts own typical
"carrier" in the form of discrete "blts", the quanta. For the
strong interaction such quanta.ére pl-mesons or simply pions;
for the electromagnetic they aré photons (quanta of light); for
the weak they are neuftrinos; and for the gravitational they are
gravitons (the.graviton, howeveﬁ, is at present not a particle
which 1s avallable to the experimenter).

In addition to these four ﬁarticles, many tens of others
have been discovered and examined by physicists., As a rule,
gach particle can participate in two or more ftypes of inferactions.
For example, the electron, positron and the muon, which is nuch
heavier but otherwise guite 81m11ar to the electron and positron,
can partlclpate in both the weak and electromagnetic 1nteractions.
Together with the neutrino and anti-neutrino, these particles

make up the family of leptons.

The neutron barely responds to the electromaghnetic force, but
it 1is, however, very active in the case of strong interaction.
The proton and the pl-meson participate in the weak, electromagné-
tic, and strong interactions. %ll strongly interacting particles
constitute the family of hadrons.

1
|

By means of the strong intéracfion, as already mentioned,
atomic nuclei are "cemented" together. They constitute the *
basis of all the matter of the Unlverse and are multiple com-
binations of only two of the most simple "little building blocks"
the proton and the neutron. On 'this interaction depend the most
"emphemeral" and short—lived‘obiects of the microworld, which
are as diverse as the nuclei. ihese are the resonances, which .
decay..spontanesously in 10 27 seéonds! Many times -more -leag-lived
than the resonances are the parﬁicles which disintegrate as a

result of the wesak interaction.i An extreme example is the

6



neutron; which in a free state Tlives" for about 15 minutes on
the. average. In this éanner QAéifferencg_;puth@_intengity of
the 1interactions is reflected in the time scale, in the time
necessary for the transformation of .a particle., - .-

1

Birth, Death and Conservation —- Three Facets of the Animate and /8

inanimate Worlds

In every sSpecific case of interaction between material bodies
two mutually complementary components can be clearly distinguished.
The first is the souce of the strength of interaction, which can
be characterized quantitatively by the magnitude of the correspond-
ing charge. To the extent that the interactions are different,
the.concept of charge can be generalized Lo distingulsh between
hadron, lepton, and gravitational charge. In the last case one
is talking in fact about the mass of the body, and 1t is necessary
.to recall that in physics two.dffferent concepts of mass are
clearly distinguished: "inertidl" mass {(a measure of inertia)
and "heavy" mass (gravitational). The proportionality of these
masses (which is transformed to humerical equality with a suitable
choice of units of measurement) 1s graphically manifested in the
conditions of weightlessness within space shlps, and this in

itself is an 1mportant law of nature since 1t is not true a priori.

¢
t

An important characteristic! of any charge is first, 1ts
conservation in interaction proc%sses (more precisely, the con-
servation of the total charge of:all the particles taking part
in the interaction), and second,’' the discrete (quantum) character:
of 1ts value, i.e., the abiiity to fake on only those values
(negative included), which by convention are confined to whole
numbers. The different signs assSociated with magnitudes of the
.charges. are-related to the exist%nce of anti-particlest - the -
electric charge of the proton is§+l, and that of the anti-proton,
-1; the charge of the electron, én~tp§Aqtner hand, is -1 in



“contrast to that of its anti—pafticle, the positron.  In the
case of the neutrinc and anti- néutrino the electrlcal charges
are equal to zero, but they differ with reSpect to lepton (weak)
charge and spin. orientations (t?51r particular angular momenta).

The second cémponent, whic$ is no more abstract than the
first, was given the name, "fleld" by physicists. In the case
of static interactions (e.g., electrostatic or gravitational)

the concept of field simply involves the definite region in which
the force acts. This is charac%erized gquantitatively by the mag-

nitude of the force on a unit test charge. Howeverilthe more .. ...

~general case is the variable (in time) fileld, which by convention
can be represented as a combination of waves, or particles. It
has become clear, thanks to thefsuccesses of gquantum physics,
that waves and particles are twé sides of the same coin} . (Thaf)
is why there is a comma before the word "or" in the previous
..sentence.)| These wave particles, or in other words, quanta of
radiation, are also the transmitters of the interaction of their
sources (charges). But in prin?iple, they can preserve their
independence for an arbitrarily long time, irrespective of their.
origins, Perhaps the clearest illustration of' this statement is
the recently discovered (in 1965) remnants of cosmic radio-fre-
gquency emission, our inheritancé from the hot stage of develop-
ment of the Universe. During tﬂe last billion years it has been
cooling off, but it has retained its characteristic feature —
its spectral distribution described by Planck's- Law.

|

I
|

The process of interactlion:includes the emission of quanta
of radiation by cone source of the strong field, and absorption
by another source. It is significant that with this both
sources, in general, undergoc ch%nges. Only 1in the static case

(a8 1n-the-case of a planet moving about the Sun or electrons

about an atomlic nucleus) do they remain unchanged, 1f one 1gnores‘

the change in spatial position, the type of "recoil" with the

- 8
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~"shots" of ‘field quanta. The change of state of each source is
limited by the specific conservatlon laws. But the state of

the 1nteract1ng system on the whole is subJected to an even
stricter law. For example, the proton and neutron. can exchange
electrically charged pions, but while the charges of the indivi-
dual particles change, the charge of the system as a whcole remalns
equal to +1 (1n units of electr@n charge). The field itself

can also be one of the partners" in the interaction, as,. for
example, in the absorption of high energy photons 1n the strong
electric field of the atomic nuéleus. The photon vanishes,

being converted into a palr of particles — an electron and a

positron,

One and the same particle‘éan act at one time as the source
of radiation, and another — as the quantum of radlation. Thus,
the charged pion is the source of electromagnetic radiation and
~-the field gquantum of the Strongfinteraction.

!

The atomic theory of the sﬁructure of matter of the ancients é;g
has undergone a substantial charlge. Instead of the combination
of i1dentical, immutable, and-indivisible atoms, various trans-
formations occur in the world of the smallest elementary particles
especially at high energles, in 'which some particles disappear
and others "come into the world". The property of particle
symmetry, which 1s manifested id the laws of conservation of
the wvarious charges, replaces the notion of immutability. This
gsifuation i1s reminiscent of the:evolution of the form of matter
with the continuous death of some organisms, the birth of others,
and the conservation of the program cf 1ife™, the inheritance of
information directed by the complex combination of metabolic ‘

reactions.



The Puzzle of Secondary Cosmic Radlatlon in MultlE;e Meson

Generatlon

The bold hypothesis that the ‘carrler” of the short-range
interaction between the constifutents of the atomiec nucleus,ithe nu-
@leons, must be some distinct), massLyefQuantum was expressed for|

khe first. time by H. Yukawa as_ early as 1935. Several. ylears later

charge particles with a mass 1ntermed1ate to the electron and
proton (and therefore called medotrons or mesons) were actually
discovered by C. Anderson and S | Neddermeyer in cosmic rays.
This serves as a splendid example of the ability to discover the
laws of nature by means of theofetical physics,

In reality, however, it did not turn out fo be that simple.
True, it was well known that cosmic rays were streams of primarily
charggd particles of encrmous energy and penetrating power. At
the same time many strange things were occurring. It turned
out that the primary particles, 'i.e. those arriving directly . .
from cosmic space, were protons; those obgerved in the depths of
the atmosphere were mostly elecérons; and those remalning after
passing through large thicknéssés of matter (through the upper
layers of the Earth) Were for sdme reason those very particles
called mesons. But i1f mesons peﬁetrate'matter so well, then 1t = /12
is not understood why they are Sb poorly absorbed by atomic
nuclel; indeed, nuclear particle? are nucleons and are sources
of mesons, the{éarriers of the s&rong interaction. In any case
it turned out that the generation of mesons by protons occurs
with a much larger probability than the inverse process, their
absorption. f

Besigdes this, the appearancé of electrons can bé:attributeduLh
t0"the diréct &ffect of primary protons only with great ‘d'if‘fiéuity';_
True, the process of the productﬁou of pairs of particles, the ‘
glggtfon“ﬁndmpositron”by\one.photon,”hadalmeadybeen observed,

10



Figure 1. A photograph of an
electron-nuclear shower in a
Wilson cloud chamber (S.Chao).
The primary varticle (indicated

by the arrow) produces, in the
5% plate from the top, two
penetrating particles (the

second was caused by nuclear

spallation in the 7th plate)
and two electron cascades in
the lower-right part of the
. chamber.

But the emission of a photon
by a particle as massive as the
proton is eertalnly a rare

process.

The resolution of all
these difficulties required
decades of intensive work by
physicists of many countries,
including Soviet scientists
who carried out experiments in
the high-altitude regions of

Figure 2. The formation of
secondary cosmic radiation in

the process of multiple produc-
tion of charged (m*) and neutral
(7°) pions. The nucleons (p, n)
together with the non-decaying mesons
(r*) form the nuclear active
component , the decaying pnt mesons
form the penetrating component
(p¥, v), and the decaying m°-
mesons form the electron-photon
(ef, y) component of the secondary
radiation

11



“thePamirs and in airplane flights in the stratosphere. Expebiments
Using the Wilson cloud chamber, from which were obtained photo- -
‘graphs like the one shown in Figure 1, came closest of all to re-
solving these difficulties. .j
In the Wilson eloud chamber;there were 8 lead plates, each

of a thickness of about 13 mm. Aﬁy penetrating particle (be it

a proton or a meson) passed throﬁgh four plates of the chamber

and only in the.fifth from the tép did 1t create 'a cone-shaped
‘diverging bundle of particles. The particle of the extreme left

of this bunch turned out to be aﬁother penetrating particle {evi-
dently a meson), but the basic part of the cone was formed by

1two bunches with a gradually increasing number of particles in
each bunch. The experlimental eyé of the experimenter confirmed
-that both bunches of newly_generated varticles were made up of
‘electrons. |

All complex phenomena of a similar type were called electron-

;nuclear showers 1n contrast to the simpler cascade showers in which
only electrons take part. It Was conjectured that in all these
cagses the electrons are not‘genefated directly, but that séme

type of intermediéte, extremely ghort-lived particle first appears.
" The situation did not progress aﬁy further until physlcists learned
’to obtain protons of high energyifrom accelerators. Then it

became clear that such a particlé, which decays into two photons

in an infinitesimally short time4 actually exists 'in nature.

This particle was called the pi-zero meson (m°).

| A

Meanwhile, new, extremely iﬁportant information again emerged /13

from cosmic rays. In 1947 S.F. Powell (England) and co-workers &

‘discovered — in the course of lﬁngthy eXperiments with nuclear !
. phetoemulsions — a completely new phenomenon. In ‘all ‘cases there
was seen on the photographs a reﬁatively "bold" track growing | e

“even thicker towards its end and joining at its beginning a thinner.

12



track of another charged partlicle. Thils track, in its turn_growing
‘thicker, jolns at the beginning an extremely thin and broken
track of a third particle. Careful study of the characteristics
. 0f all three tracks showed that the photoemulsion registered a
two-step decay process of the type

T+U->e .
In this process, the 7 particle, called a pl-meson (or pion) by the
authors, is typically 1.3 times heavier than the ﬁ particle (muon),
and more than 200 times heavier than the electron. Thils pion
coincided with the particles discovered by Anderson and Neddermeyer.
In addition, the pion turned out to be very close in mass to the
short-lived particle which decays according to the scheme no>2y
discovered later in accerator experiments. The 7#° particle,

as was soon established, is a neutral variety of pi-meszon.

In this way all the fundamental processes were worked out
by which primary cosmic radiation is transformed to secondary
radiation. The general scheme of this transformation process is
represented in Figure 2. As a result of a collision of a high-
energy proton with the nucleus of any atom in the air, several
charged (n+, m ) and neutral (n®) pions are produced by means of
the strong interaction. The completely analogous process of the

0

- + - \
generation of several new m , m and 7° mesons on nuclei ecan be

extended even further. As a consequence of this, both protons and

ni mesons can be placed in the category of nuclear-active particles. -

In addition to this, the charged pions, decaying into muons
as a result of the weak interaction, can act as the origin of the
penetrating component of cosmic rays. The ' mesons, however,
initiate the chain-like processes
m%+2y  (spontaneous decay), . | (1)
y+e++e_x(creatién of.a palr of particles by the photon), ...(2)
ei+ei+y (radiation of electromagnetic quanta). (3)
The subsequent repetition of steps (2) and (3) gives rise to the /14

it
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electron component of the secondary radiation, which develops by
_means of the electromagnetic interaction. Thus, the solution of

the problem of secondary”édsmicwrédiéfiéh (fﬁé acti#e_érééfioﬁ of
passive particles) led to the discovery of the completely new and
unique process of muléiple.generation of decaying particles (mesons)
as a result of collislons of primary, strongly interacting partlicles
of sufficiently high energy. The threshold of "sufficiently

high energy" corresponds to cosmic ray energies of 1-3 billion
electron volts (GeV, an abbreviation of giga-electron volts).

This threshold is determined by the laws of energy and momentum
conservation and is related to the requirement of losing about

0.14 GeV 1in forming the rest mass of each pion. For comparison,

we note that the energy for the cascade formation and subsequent
development of'eleﬁtron showers is hundreds of times lower. This

is related to the fact that creating the rest mass of a pair of
light particles (electrons and positrons) requires energies of

only slightly more than one million electron volts (MeV).

This guarter century, during which physicists intensively
studied the processes of multiple particle generation, is charagc-
terized by the peculiar competion between specialists cof cosmic
rays and speclalists of the physics of high energy particles
produced by accelerators. The upper limit of the energy of cosmic
ray particles is practically infinite (it 1s on the order of a
billion times higher than the threshold for multiple pion genera-
tion). However,with the increase in energy, the flow of particles
decreaﬂes catastrophically, i.e.ﬂthe number of I1nteractions of
the corresponding “cost free" cosmiec ray particles that are
accessible to study diminishes rapidly. The working conditions
of the powerful accelerators are more favorable. A peculiar division
of labor has developed: an exfensive but very approximate survey
using cosmic rays, and a detailed, strictly quantitative study of
the phenomena using accelerators.
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' CHAPTER 1. TRACKING THE INVISIBLE

It is Not Always Necesgsary to See in Order to Detect and Identify /15'

Particles

Even after the Soviet physicist D.V. Skobeltsin saw tracks
of charged particles of cosmic radiation (this was in 1927) with
the help of the Wilson cloud chamber, many physicists continued
and are contlnuing to study the characteristies of this radiation
with one and the same electronic device. Threg different methods
exist by which charged particles of high'energy can be "senseg"
and by which this "sensation" can be translated into the language

of electronics.

First, one can let the particle pass through an enclosed volume
of gas and make use of its ability to break the neutral gas atoms
into electrons and positively charged ions. By inftroducing special
electrodes into a gas vessel and by putting a potential difference
across them, one can either simply collect ﬁr-eady—made" ions at
the cathode and electrons at the anode, or ionize new atoms and by
this means sharply increase the charge collected at the electrodes
(Figure 3). The ionization chamber works by means of the first
method, and the gas digcharge counter -— by means of the second.

An externally generated electronic pulse is used to start the
counting device in order to register the incident particle, or

more precisely, its track. Due to the relatively slow displacement
of the charges produced in the volume of the chamber or counter,

both of these detectors have poor time resolution* (no better than

¥ By time resolution is meant not only the precision with which the
device determines the instant the particle passes, but also the
minimum time interval after which another particle can be registered.
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107% ¢r 1077 sec.) and there- /16

B fore are hardly used in work
% I with accelevatérs. T

In the second method,

S i e

the particle is passed through

L

3# ' a specially prepared trans-

parent solid material having

2
’

a high efficiency of lumines-

| e | cence, i.e., the ability to
Lz transform the excitation energy

s =¥ of the molecules into energy

g of visible 1light. Such material
a1 R ' . ' is called a phosphor. With

! sultable organic materials,

time resolutions on the order
Figure 3. Schematic diagram of -9
the gas discharge particle counter. of 10 ‘seconds can be attained
Electrons originating with the The llght signal In turn 1s
ionization of the gas are driven translated into the language
by the strong elecfiric field
between the anode 1 and the cathode
2 gnd start an avalanche of new a photoelectron multiplier
electrons and ions. This leads tTo :
the formation of a significant (Figure 4).
electrical pulse at point A of
the external circult; 3- battery;
4- resistor

of electronics by means of

Finally, one can use
Cerenkov radiation. This
radiation occurs with the passage of a very fast parficle through-.
a medium in which its speed is'greater'than that of light in that
medium¥*. The technology of Cerenkov radiation haé attained a high
degfée of perfection dufing the last few years. By way of example,
‘one can cite the 5.5 meter long differentlal 1sochronous counter

¥ What is meant here is not the propagaftion velocity of the light
51gnal in the medium, but rather that veloclty which 1s determined
by the delay of the phase of osclllation of the electromagnetic
field from point to polnt on the path of the light ray.
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Figure 4. BScintillation (luminesence). counter with photoelectron
multiplier (PM). :

Energy is lost by an ionizing particle in the material of the
scintillator 1; it partlally de-excites by emitting photons,
which knock out electrons from the photocathode 2; the latter
are multiplied on the dynodes 3 of the PM 4 as a result of
secondary electron emission and are collected on the collector 5

L

!

Figure 5. A large gas differential Cerenkov counter in\ cross-
section. '

The optical mirror system 2 focuses the Cerenkov light of the
particle beam 1 on the dlaphragm 3 for a well defined velocity

of the particle beam 1; this light is detected by the photo-
multiplier 4. Tuning to a given velocity is achieved by changing
the pressure of the gas, and this requires corrections for
chromatic (5) and spherical (6) abberations (the counter was
built at CERN)

built not long ago at the European Center for Nuclear Research
(CERN). This device can be "tuned" to particles, fixing their
velocitles to an accuracy of the sixth order, i.e., to one- |
ten-thousandth of a percent (Figure 5). 1In order to achieve such /1

time-of-flight resolution with seintillation counters and nano-
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second technology¥, one would need an apparatus about 100 km long.
In 1961 the Soviet physicists A.I. Alikhanyan, G.M. Garibyan,

and collaborators developed still another type of counter based

on the phenomenon of go-called transition radiation. Thils is /18

radiation which occurs when a light but very energetic particle

(eléctron or positron) passes from one medium tc another. In

contrast to Cerenkov radiation, which quickly reaches saturation

as the velocity of the particle increases; transition radiation

continues to grow uniformly with the increase of the ratio of

the total energy of partlcle to 1ts rest energy. For electrons

or positrons of energies on the order of 1 GeV, 1t is sufficlient

to place in their paths a "waffle" of several hundred very thln

1ayers of materlal with air gaps in order to detect W1th-~ 507
probabllity one or more photon gquanta of transition radiation be-
hing the'“ﬁaffle“ (Figure 6). It is even easier to use a piece ’
-of porous material like foam plastic for this purpose.

Elecﬁronié and light detectors, possessing very short
respbnse times, allow the collection of .a huge amount of experimen-
tal data, data numbered in millions of micro-events, for a rela-
tively short accelerator operation time. No less significant is
the fact that the data from the comﬁleX‘combination of electronic
devices can be obtained immediately in a form which can be
analyzed on electronic computers. As a result, the préliminary
"raw" results of a complex experiment are immediately obtained
upon 1ts termination, in spite of the large number of tedious
calculations, and can be represented not only in tabular form,
but alsc graphically.

Electronic apparatus is very suitable for simultaneously
detecting particles rapildly but in . small numbers and when a high

¥ Remember that this term denotes devices with time resolutions
on the order of one-billionth of a second (107° sec.).
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Figure 6. Detector for transition radlatlon (bullt at FIAN
i.e., Physics Instltute of the USSR Academy of Science). '

The radiation occurs with numerocus transitions of the charged
particle from alr to the dense medium and out agaimnjand propagates
along the trajectory of the particle and is converted to electrons
in the volume of the spark chamber; 1- collimator; 2- laminar
target; 3- spark chamber; U4- 501nt111at10n counters controlling
the trlggering of the spark chamber; 5- camera

degree of spatial fesoluﬁion is not required. By using various
types of interdependent neutral and charged particles, one can
"mobilize" electronic apparatus for counting and measuring {(in
an indirect sense) neutral particles, in particular, photons,

n%-mesons, and neutrons.

Not only the detection and counting of particles having
certaln physical characteristics but also the more complex fask
of "identifying" them can be entrusted to the electronics.  To
this end, 1t 1s often sufficient to determine the mass of the
particle, 1f only approximately. The mass, in turn, can be
determined by using any two Iindependent characteristics related /20
to the velocity and mass of the particle. In many cases in working
with accelerators, the momentum is determineg by the transport
of the particles through some type of channel by the use of
glectromagnetic equipment which focuses the beam of particles

of given charge and particles close to a given value of momentum.
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4 basic part of such
~electronic optics is usually

the quadrupole lens, a wind-

ing which creates a precisely

regulated, inhomogeneous mag-

Then as the second characteris-

fic one can use, for example,

M “‘ o the wvelocity, which in turn
L__, - N

is determined either by the

presence of Cerenkov radia-

tion (as is the case in normal

counters), or by the angle

of emission of this radiation
(as in the differential Ceren-

kov counter), or by making use

. of the particle's ionizing
Figure 7. Ionization calorimeter

for measuring particle energy ability (as in proportional

netic field of annular symmetry.

(apparatus of V.S. Murzin, L.I. counters). Instead of velocity,

Sarychebii, MSU).

A nuclear-active particle entering
from above creates 1n the target

C and in the iron plates I-X an particle of & given momentum
electron cascade, the energy of
which is measured by the series
of 12 ionlzation chambers (1-12).  losses due to the ionization

the range of the particle can
be used. The range of a

depends on the speciflc energy
of matter.

Several important physics problems, especially in cosmic ray
research, require a knowledge of the energy of particles. The
energy can be determined by the method of absorption of all the
interaction products of the particle with matter. In the case
of electrons, one uses secondary electromagnetic processes, which
lead " to a relatively rapid develdpment and extinction of the
avalanche of-electrons and posltrons. If a heavy, transparent
material (lead glass, for example) 1s used as an absorber, then
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the total flux of Cerenkov radiaticon emlitted by all the particles
of the avalanche can be detected and measured. Such a device is
normally called a full absorption spectrometer. '

In the case of strongly interacting particles (hadrens}, it
is necessary to set up an absrober for all the products of the
consecutive nuclear-cascade interactions. For this 1s needed a
filter of quite large thickness. In order to measure indlvidual
particle energy one can use either the total number of ilon palrs
produced in a series of ionization calorimeters (Figure 7), which
were developed at the Moscow State Unilversity (MSU) by V.S,
Murzin, N.L. Grigorov and I.D. Rappoport, or the total amount of
light produced in a series of Cerenkov counters, as was done by /21
3.A. Azimov, T. Yuldashbaev, and others at the Kumbel' insfallation)
in Uzbekistan*. There are hugé facllities, which, however,
provide an acceptable measurement accuracy on the scale of the
microworld. Suffice it to say that with filfter thicknesses on
the order of 1 kg per cmaﬁthe areas covered by the ionization
calorimeters of contemporary facllities are computed in terms
of many square meters. Consequently, the total weight of these
filters, usually made of 1iron, is on the order of tens of tTons.
Meanwhile, the measurement accuracy of energies in the range
150-200 GeV (about 0.3 erg or roughly 1058 cal.) can reach 20-30%.
If we wish to measure such deposlted energies with thermal (e.g.
calorimeters) instead of electronic devices, then it 1s necessary
to deal with instantaneous temperature lncreases of the iron on
the order of 10717 degrees.

For the determination of a new characteristic dependent on
particle velocity bubinot on its mass, the multi-stage propoms .
~ tional counter, in particular the one used by V.5. Murzin and

L.I. Sarychev at the high altitude experimental station on

¥ These devices depend on the total absorption of all the light
produced in the avalanche and hence are also called a total
absorption spectrometer.
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"Mount Aragats, is very useful. Despite the large spread in the
number .of -ions. created by. charged particles of a given velocity
in the volume of gach counter, the collection of pulses from B
the multi-stage counter is a sufficiently accurate measure of
veloclty. In such a counter it is possible, as a rule, to
distinguish between plons and protons up to energies of 1012 ev,

There are other problems, whose solutlons depend not so
much on the high accuracy ofl measuring ionizing ability but
rather on the possivbility of determining (wilth reasonable accuracy) -
the coordinates of passing particles and also the time of their
passage. With this in mind, multiple-wire proportional chambers
have been constructed at CERN (Geneva). FEach chamber consists
of a relatively light (a weight of about 6 kg), flat, right-
.angled box of area about 0.5 m2 wlthin which are strung fine
metal wires at a spacing of about 2 mm. Each wire fulfills the
function of an independent counter giving a very short (25 x /22
107'% sec) pulse, the amplitude of which is proportional to the
ionizing ability of the passing particle and this itself is a
measure of the velocity of the particle. Several such chambers ,
placed in & magnetic field, can provide sufficient information
for determining the momentum of the particle by the curving cof
ifs trajectory. With a knowledge of a particle's momentum and
veloclity, 1t is an easy matter to determine its mass.

How are_the Particles Nevertheless Photographed?

In order to objectively retain scenes from human life, we
project an optical image of these scenes on a photographic prlate
and we develop and fix the hidden images thus obtained. In order
to just as cbjectively fix "scenes from the life" of elementary
particles, moving at velocities close to that of light, physicists
make the particles themselves work. Any charged particle leaves
tracks in matter, chains of "damaged", c¢lectrically charged atoms
and molecules,
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Simplest of all is to make the particles "act™ within a
sufficiently thick layer of photographic emulsions. But after
the first ideas of a similar nature were first exﬁresééd, in
particular as early as 1927 by L.V. Mysovskiy (USSR), about 20
years passed before photoemulsions for elementary particles
acquired the sensitivity and stabllity required by the physicists.
In spite of its simplicity and cheapness, the method of photo-
emulsions has several serious deficiencies. In the first place,
the picture of the interacting particles is registered 1in a
volume. It would appear at first glance that this would be better
than a flaf projection. But on further examination, serious
difficulties arise with scanning and measuring the tracks. It
is unbelievably slow and painstaking work, which is very dif-
ficult to automate. Therefore it 1s necessary to pass Judgement
and draw conclusions on the basis of an analysis of several

hundred events.

For the study of the microworld, in which all processes are
subject to the "caprices" of probability, solid statistical
guarantees are necessary, and phcotoemulsion data leave one with

a. feeling of dissatisfaction.

Besides this, the nuclear compositibn of photoemulsions is e
very nonuniform and complex. It 1s true that fhere are well /23
proven rﬁles for separating out the interactions of the incident
particles from the individual, almost free nucleons of the
nucleus, but this "almost" can sometimes significantly distort

and "blur" the picture of the phenomena.

Photoemulsions also have thelir merits. The small size of
the silver bromide grains forming the tracks of the particies
(e.g. 0.1-0.2 microns) allow the examination of the smallest
detalls of an event, yielding high spatial resolution. Using

photoemulsions one can even observe the decay of the neutral
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m'-mesons a particle living less than 10716

seconds! This quality
of photoemulsions is very. valuable when one is dealing with
particles of enormous energy, 1013 eV and higher. Colliding

with statlonary nuclei, these particles create very narrow

beams of secondary particles, beams whose opening angles are

measured in mlnutes of are.

The most serious competitor of the photoemulsion for the
study of multiple particle production is the bubble chamber
invented by D. Glaser (USA) in 1952 Its pr1n01p1e of operatlon
is based on the fact that the 1onlzatlon of matter by charged ;
particles promotes the formation of bubbles of vapor in a Super-
heated liquid. The liquid is brought to its SUperhgated oper-"
ating condition by means of a special piston, and then bubbles
start to form and grow along the tracks of the particles. When
ﬁhe éiée 5f.the bubvles reaches about .50 microns, they can be
photographed using suffiecicently strong illumination (the liquid,
of course, is transparent).

Several liquids, one of which is liquid hydrogen whose nuclei
are thé elementary particles, the protons, are suitable working
materials for the bubble chamber. Heavy hydrogen, deuterium,
whose nuclei are made of the proton and one neutron, is also

® _mesons, one can use their

used., When it 1s necessary to study
property of practically instantly decaying into photons with

the subsequent transformation (conversion} of the photons into
pairs of charged particles, electrons and positrons. Heavy
liquids, in particular, liquid neon or refrigerating mixtures
like freon, are used to guarantee the conversion efficiency. 1If

 _mesons formation together with charged plon /25

the process of .
formation on protons is to be studied, then an external cylindri- .
cal contalner of liguid hydrogen and an internal one containing

g mixture of hydrogen and neon are placed in the path of the

particle beam. With a carefully constructed device of this type,
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Figure 8. The large European bubble chamber with a useable

liquid hydrogen. volume of 21.5 m?; it operates in a magnetic

field of 35,000 Gauss (CERNQQeneva)

a) cross section of the chamber: 1- housing; 2- vacuum tank;

3- plston; 4- vacuum pumps; 5- motor of the expansion mechanism;
f- wide angle lens (of the fish-eye typel); 7- camera; 8- super-
conducting windings; 9- liguid niltrogen; 10- liquid helium.

Scale at bottom-right

b) installing the chamber housing in the vacuum tank (see page 26)
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it 1s almost impossible to distinguish the boundaries of the

two chambers on the photographs.

Current bubble chambers are very large. They can be filled
with many cubic meters of liquid hydrogen or heavy liquids
(Figure 8). These chambers are placed between the poles of
huge electromagnets. Recently magnets have been made with super-
conducting coils. By bending the particle trajectories in
magnetic flelds on the order of 10-20 thousand Gauss or even /26

higher, their momenta can be measured with good accuracy (1-2%).

These experiments are expensive. Multimillion dollar
equipment expenses are increased even further by the need to

analyze the bubble chamber stereophotographs on complex automatic
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machines, which work in conjuction with powerful electronie
-calculators in order to provide the high productivity necessary
for the measurements. The development of analysis"pfbéfaﬁé for
the measured data also demands much effort. In return, the
computers produce nearly final physical results, even estimations
of the plausibility of varlous hypotheses or the character of
‘observed processes, the quantity of invisible (neutral) particles
produced, etc.

The productivity of current bubble chambers is measured in
terms of many thousands of photographs (even a special unit of
the number of photographs, the kilophotograph, has been coined).
In 1972 at CERN a singular record has been set: 20 million
photographs from the 2 meter hydrogen chamber (it 1s true that
only & relatively small number of photographs, not more than 10%,
are of interest to the physicists and are analyzed).

In spite of all its undisputed merits, the bubble chamber is
not "sinless"; it is nearly totally devoid of "memory". The
misfortune consists of the fact that the particle tracks consist
of individual ions which exist in a free state for less than
107!% seconds in & neutral ligquid. Within this time it is o
currently impossible to bring about by mechanlcal means the
drop in pressure required for the formation of gas bubbles in
the material. As a result, the signal for triggering the piston
nust be given in advahce, synchronized in time with the pulsed
mode of operaticn of the accelerator.

In addition to its purely practical drawbacks (complexity
af construction, high cogt, large size, explosion hazard), the
bubble chamber suffers from one fundamental shortcoming. It is
a device which is not sufficiently "operative"; it requires several
(up to 10) milliseconds to lower the pressure and develop gas
bubbles along the particle tracks and still additional tens (even
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hundreds) of milliseconds to return to the initial state.

Because of the impossibility of anticipatory control, the
bubble chamber is not used for studying processes produced by
cosmic rays. In this case, the physicists'old friend, the 227
cloﬁd chamber, comes to the rescue. This device was developed
as early as 1912 by C. Wilson and is called the Wilson chamber
in our country (USSR). As in the case of the bubble chamber ,

a plston is also used to reduce the pressure at the required
instant, but the drop in pressure produces the opposite effect,

the condensation of gas molecules to liquid surrounding the chain
of ions of the particle track. Since the ions have a much longer
lifetime in a gaseous medium than in a liquid, the "memory" of

the cloud chamber is a million times better. It can start on

the "tail", after the particle passes through the chamber. All

the problems associated with creating a magnetic field-illuminating
the tracks of particles, photographic them, analyzing the photo-
graphs, miscalculating the measured data-remain, in principle,

the same. However, even with large apparatus, physically interest-
ing phenomena are only rarely observed — a few times in a hundred

in the best cases.

Figure 9. Photograph of multiple particle production in a cloud
chamber with a magnetic field (Tyan'-Shanskii station FIAN).
About 20 charged pions are formed in the LiH target above the
chamber. The primary energy (measured by an ilonization calori-
meter) is 820 GeV
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A picture of such a phenomenon is reproduced in Figure 9.
It shows the formation of 20 charged plons in the target above
a cloud chamber.- Because of the high .energy of the primary
particle, the bundle of secondary particles 1Is narrow. This
makes particle separation and accurate angle measurements dif-
ficult. Many tracks of "extraneous" particles of low energy ‘

are visible in the photograph.

A disadvantage of using the cloud chamber results from the
low density of the gas as compared to that of a liquid. As a
result, plates of heavy material have fo be put inside the
chamber {(or placed immediately above it). They serve as nuclear
targets for efficient "bombardment" by high energy particles.
What occurs within the plates in not visible; moreover, it is

practically impossible to work with solid hydrogenA(§be c%@kﬂjldu

chamber .is ."afraild’ ﬁffdrops in temperature). Thus, composite
substances.must be used, like lithium hydride (LiH). There-
fore, experimental set-ups for cosmic rays using cloud chambers
are not as neat as in the case of bubble chambers using acceler-

ators.

Visible and Invisible Sparks Join in the Task

In 1957 a new type of device was constructed, the spark
chamber, 1n which the ion tracks of particles become visible
by means of the development of an avalanche-like electrical
discharge in a gas between two conducting plates, the electrodes
- (Figure 10, a). The spark chamber 1s operated with the aid of
two or more pafticle counters placed near it. With the passage
of charged particles in the required direction, the electrical
pulses from the counters pass through a special coincidence
unit and switch a high voltage supply to the electrodes of the
chamber. The electrons remalning after the passage of the
particle move‘in a strong electric field and start a spark
discharge where the particle pagsed. The spark chamber in itself
is very simple. The basic problen is the consfruction or
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Righ . voltage source

" tens, and sometimed’
une of kilo- |
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volts in the case of

wide gap electrodes).
The
cyecle of

operating
such cham-
bers can be reduced
to 10 milliiseconds,
and the "memory" time
— to 1 microsecond.

The latter is impdﬁ:k
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ing accelerators,

since it makes 1t pos-

sible to separate out
the undesired back-
ground of extraneous

particles.

The gain in
operating frequency-
is unfortunately ac-
companied by a loss
in spatial resclu-
tion in determining
particle coordinates.

The accuracy of data

obtalned by spark chambers is limited to 0.2 - 0.3 mm.

| D O T T I S |

“r‘r"l‘“l““r"r““
bl A1
e

T T T r 1 1rrrrT
B RN TN W U S N S S S
1]
T 1 T
\
L e e e e e e R B
_I‘_.L.a__l_l_l_J_L_
l‘I
4
T T 1T 1T 1T°¥ L
y E T I ]
1,
%
1
T
T
1
ST ST T T T T T

i
I'l
1
T T
ll‘
s
l“
et
' $
F I U T A T
Il
T
| T |
1
{
¢
1
JI
Al
4

hy
s
B B e o o e e e
Lo
1
[y
Lo

TT T T TT
T T Y

TT
!

1
'
1
‘
RN .
T TT "
PR T I N ' S S T SO T SN T B
'
LI A B B e o —r - . -
| D S Y YA T O T U S T Y S N T O Y B
H
I

LTS

Figure 10. Spark chamber:

a) schematie diagram of the chamber:

1 — electrodes; 2 — housing; 3 -— con-

trelling counters; 4 — colncidence unit;

5 — camera; 6 — lensg; b) an event re=

corded 'in a spark spectrometer (con-

sisting of 8 chamberfllof the type

"Omega" (CERN) with subsequent televi-

slon transmission of the data and analy-
sls by computer

There~

~ fore, in high accuracy measurements of angles (e.g., in studying

the elastic scattering of particles), it is necessgsary to use a

series of spark chambers, each separated sometimes by tens of

a
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meters. However, in studyling rare events in cosmic rays, this

o deficiency can be corrected by supplementing the spark gaps with

"stacks" of nuclear photoemulsions. Then the sparks serve only
to indicate the presence of a particle; and its coordinates ang,
conseguently, its angle of deflection in the magnetic fileld, as
well as its momentum cobtained from these measurements,.are made

more gccurate by means of the photcemulsion measurements.

For relatively simple problems in which particle coordinates
do not have to be recorded with high accuracy, and for whose
soluticn the spark chambers are suitable, Tthe recording of pa}ti—
cle tracks 1is substantially simplified. The process of photo-
graphing the chamber on film with the subseguent measurement of
the sparks on the photographs can be replaced by measuring the
spark position by the time of arrival of the sound corresponding
to the "microlightning" in a special electro-acoustic receiver.
Often soundless, purely electrical methods of measurement are
used: by setting up a coordinate grid of fire wires, one can re-
cord the electrical signals induced in these wires by closely

passing particles.

The basic virtue of both variations of electrical recording
of sparks is the extensive possibillifies of automating the analy=-
sis of experimental data using computers. No less important is
the characteristic of recording the data at a distance, especi-
ally under experimental conditions (e.g., In an experiment in
space) in which it is not suitable for some reason to transport
exposed photegraphic film to the laboratory in order to analyze
the data.

However, automation is also possible with photographic

methods of obtaining information., To this end, images .of the.

sparks are projected to a transmitting television tube, and the
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subsequent analysis is made by means of an electronic survey
~ (scanning). As with good household televisions, sufficiently
clear images are obtained without the use of photochemical pro-

cessing (Figure 10b).
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CHAPTER 2. ELASTIC SCATTERING AND THE STRUCTURE OF
ELEMENTARY PARTICLES

Electron "Supermlecroscope” and the Structure of Nucleons

In order to examine the external appearance of very small /31
objects, we use a microscope, which allows us to learn not only
thelr form, but also their color. But what determines color?
Merely the ability to absorb, reflect, and refract light waves
of different wavelengths. Thus; for example, the color spectrum
of the rainbow results from dispersing the Sun's light into waves
of various wavelengths, reflected from water drops at various
angles.

For the study of the internal structure of matter, the con-
struction of its crystal lattice, for example, there exists the
method of X-ray structural analysis. It is based on the fact
that electromagnetic waves, scattered by the atoms of a material,
undergo diffraction, i.e., they reinforce one another in specific
directions and cancel one another in other directions. This de-—
pends on the distance between the atoms of the lattice (or more
precisely, on the relationship between this distance and the

wavelength of the incident waves).

By using this phenomenon of diffraction of electromagnetic
waves, one can obtaln a very good three-dimensional picture of
matter with high spatial resolution, but in this case the ques-
tion of color loses all meaning. However, the X-ray method can
be modified somewhat by using fluorescent analysis. This is

based on the fact that matter, having been irradiatead by X-ray
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"light", starts to emit its own radiation of wavelength charac-

teristic of each of the chemical elements.

But, in this case, eaeh quantum is scattered with a change
in frequency and energy. Such a process is called lnelastic
scattering.

And what should be done in order to progress from an analy-
sis of the crystal structure of matter to the analysis of the
even finer state of its atomic nuclei or even 1ndividual nuclear
particles, the nucleons? Let us recall that there 1s an inverse
relationship between the wavelength of 1light and ifs frequency
and, consequently, also the energy of each quantum. In order to
investigate fine structure, it 1s necessary to use very high
energy quanta as the "X-ray" tool. For obserﬁing very small par-
ticles (e.g., virus particles?), the cptlcal microscope is re-
placed by the electron microscope, which uses guanta of energies
of 20 - 50 thousand electron volts (KeV). The-corresponding wave-

lengths are tenths of an Angstrdm (1 Angstrém = lO"8

em). A re=
searcher can even more easlily increase the resolving power of

this device if he has a high energy electron accelerator at his
disposal. However, while -the electron microscope provides a gain
of one hundred over the optical microscope, the resclving ability,
i.e., the energy of the quanta, must be increased by a factor of

geveral million in order to cobserve the atomic nucleus.

Such was the logic of the research published in 1958 for
the first time by the group of R. Hofstadter (U.S.A.), who sub= -
sequently recelived the Nobel . Prize in physics for this work. |
Having an accelerator capable of accelerating electrons up to
1 GeV at his disposal, Hofstadter began to investigate the char-
azeter of the angular.distribution of electrons scatfered elasti-

cally from first thé complex nuclei of various elements, and
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iater- from the two simplest nuclei, the nuclei of nermal hydrogen
_(protons) and heavy hydrogen (deuterons). Assuming with complete
justification that both the proton and the neutron, which to-
gether with the former makes up the deuteron, are spherically
%z@metric, Hofstadter reduced the problem to a one-dimensional
cne. He studied the intensity of the electron scattering only as
a function of the zenlith angle 8, and paid no attention to the
azimuthal angle ¢ (Figure 1lla), considering the distribution in

¢ to be uniform. |

In order to estimate thelsuitability of electrons as tools
for investigating other particles, one must realize that to a
good approximation they can be considered as material particles.
Corresponding to the experimentally well verified laws of guantum
electrodynamics, the process of scattering electrons from protons
can be represented by the symbelic diagram first intreduced by
~the American physicist

R. Feynman (Figure 11b). g'
At some instant of time ﬁ.i
(this instant corre-
sponds £o the branching -

point of the lines, the

so-called vertex), the

electron emits a guan-
Figure 11. Elastic scattering of an

tum of the electromag- electron (e} on a proton (p):

netic field, which is a) diagram of the scattering: 6 —
then absorbed by the zenith angle; ¢ — azlmuthal angle;
b) Feynman diagram for ep-scattering

proton. As-a result, ~with virtual y-guantum exchange

both particles experi-
ence a recoil, the
scattering. In this case, the photon is virtual in contrast to
the usual free photon. 1In order to elucidate the concept of - -

virtualness, we must turn to the theory of relativity, in which
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the relatlionship between the energy E and the momentum p of a

© free particle is derived,

B . pﬂcﬂ — HI%C4,

where Mg is the rest mass, and ¢ is the velocity of light. For

particles in a bound state, i.e., in a state of interaction with
other bodies (as, for example, an electron in a solid body), the

Same. expression is valid if a negative quantity, U?, is added

to the right hand side of the equation. This term, as if it were
"camouflaged" part of the energy, can be combined with the term

mé to form a new quantity (m*)e, which can be considered as the

square of a generalized mass. It is important that, in the case

of sufficiently high binding energy U, the square of the general-

ized mass (m*)g, can become negative and, consequently, the total
mass can become imaginary. It 1s often more convenient to intro-

duce the guantity ka = (m*cz)g, which serves as a good quantita-
tive measure of the binding of the particle and is called its

virtualness. It -is customary to say that a particle whose vir-
tualness is'equal to the équare of the rest engegy, (mocz)z, is

on the mass shell. If the particle is "off the mass shell",
then it 1s in the category of virtual particles.

In accordance with the fundamental conclusions of quantum /34

mechanics, the departure of the partiecle from the mass shell for
a time At, and the related uncertainty of its energy state AE
must obey the relation:

AE.At> hL

where h is Planck's constant. If one considers by way of example.

the virtual pions, which provide the interaction of'nucleohs

within the nucleus, then At is about 10 °5 sec. This
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infinitesimally small value gives an idea of the characteristic

© _duration of virtual processes.

If the virtual particle is subjected to any external influ-

grice, we can return the mass m¥* to i1ts initial value mO and, in

the process, convert the virtual particle to a free one.

According to the results of Hofstadter's experiments, the
problem of scatfering an electron at a given angle 6 from a pro-
ton and a neutron (or more precisely, the effective scattering
cross-section, i.e., the probability referred to one particle)
decreases with increasing angle faster than in the case of scat-
tering from electrons. This difference is expressed quantita-
tively by the product of the "electron" probability and a factor
called the form factor, which depends on the virtual photon. By
this term, physicists wish to say that iniégﬁfggggiié:ééiigzkf
-like electrons, protons and neutrens have a definite form; they
are "smeared" out in space over some small region (this is a
"smearing" of not only the électric charge, but also the magnetic

moment intrinsic to the proton as well as the neutron).

In order to elucidate the very important econcept of the
"form-factor" of an elementary particle, we must consider onée of
the basic assumptions of quantum mechanics, the uncertalnty prin-
ciple. Any microscopic object has an uncertainty ("smearing")
of position in space Ax and an unéertainty in momentum Ap, and
the product of these uncertainties is never less than a certain

fixed value (equal to Planck's constant h mentioned above). If thel

proton and neutron were point-like particles like the electron,
then they would be "smeared" out more (which can be calculated
a priori) in interacting with electrons by means of virtual pho- /3

tons a8 & result of the recoll effect. The nmore virtual the

photons, the more this "smearing" would be. In electron

37



Scaﬁtering-experiments,-the recoll turns out to be less strong
than expected (this is expressed most of all in the decreased
scattering probability of electrons at large angles). This dis-
agreement is explained by the fact fhat electrons can penetrate
"within" the real proton or neutron, which possess a finite

eXxtension and a definite geometric form.

Experiments show that the proton has a "smeared" electric

charge (posifive) of a mean radius of about 0.8 - ZLO-_13 cm. In

@d&ition, its magnetization, its magnetic moment (Figure 12), 1is-
"smeared" to approximately the same extent. Moreover, the neu-
tron, on the whole electrically neutral, has been found to have
'a small charge alternating in sign. And the important thing is
that a magnetic moment has been observed, which is, on the whole,
negative and is just as strongly "smeared“ out as the positive
moement of the proton. The existence of electric and:magnetic
nuclecon form-factors, which sharply decrease with increasing dis-
tance from the center and which are clearly not point-like, can
be visualized as i1f each nucleon is in a unique dynamic equili-
brium, continuously exchanging virtual field quanta, mesons,

with other nuclecons.

In contrast te light quanta (photons), which are emitted by
a non-uniformly moving electric charge, the free guanta of the
meson "cloud" of the nucleon pessess a finite mass. Based on
the fact that the effect of the nuclear force is sharply limited

#*

in space™, an approximate estimation of this mass was made as

early as 1935 by the Japanese theorist H. Yukawa. The very same

*For a rough estimate of the w-meson mass, my, based on the maxi-
mum radius of the nucleon exchange interaction vy ~ 3 « 10 1'% cm,
the quantum mechanical uncertainty relation AE * At ~ h can be
uged, taking AE ~ 3mﬁc2 for the energy uncertainty, and At -
ro/c (c = 3 » 10'? cm/sec), and taking into account that h =

6.6 + 10=%7 erg/sec = 4 - 107'% oV/sec.
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idea of the exchange nature of the
nuclear force was exXxpressed even
before this by the Soviet physicist =
I. E. Tamm.

The structure of elementary parti-
cles observed with the help of the

"super electron microscope'" led the

physicists to some very profound c0-.64. 03 G5 |
thoughts. According to their concep- Iﬁ[ (GeV/c)2
tions, the nucleons remained elemen-— Flgure 12. Proton

form-factor (scatter-
ing probability with
divisible particles but of known ex- respect fo a point

: , target:

tary as before, i.e., physically i1n-

tent. The very concept of structure _ A
1t} —square of the

‘imblies, in-principle, the possSibility momentum transferred

of separating nucleons into thelr to the electron; Fg —

composlite parts. One means of dein .
p P : g electric; Fg — mag-

his 5 was mentioned previousl: 18 .
thls, as w ent pre 51y, + netic form~factor

to expend enough energy to convert a
virtual meson into a real one, i.e.,

into a free meson.

A second method is the detalled study of elastic scattering
of already created mesons on nucleons. For this purpose, the
electron accelerator must be replaced by a meson "factory"” (the
name given to preton accelerators with powerful beams of second-
ary mesons). Having a source of arﬁificial cosmic rays, the
proton accelerator, one can, for example, create with the aid of
'these particle accelerators beams of negatively charged pions
bj "pombarding" suitable targets.with protons, and then focusing
the produced pions on liquid hydrogen targets.
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Now let us consider how to mathematicall§ describe - the pro-
cess of elastic scattering of particles, and hew to characterize
it in terms of physical quantities. This.proéeéé ié mostusimply
described in the center of momentum (c.m.) system, i.e., in that
system in which the particles move toward each other with the
same magnitude of momentum p, or for equal mass particles -— with
the same speed v (p = mv, where m 1s the mass of ecach particle).
Since before the collision the particle momenta are equal in
magnitude and opposite in direction (3, = —p,)|, then after the col-
lision this same relation must hold ﬂa==;—5m. The result of the
collision can be described by the probability W that each parti-
cle is scattered at the same angle 0. The probability W is a
mathematical functlon of two quantities. One is the magnitude of
the incident momentum p {(its direction plays no role), or, egui-
valently, the total energy of both particles. The second quan-
tity is either the scétteringxangle 8 or the abselute wvalue of
the vector difference of the initial and final momenta ‘Ap =
Hﬁi—jﬁl%=ﬁi;jf§& which 1s equal to the momentum transferred by
the particles. If the magnitude of the transferred momentum is
sufficiently large, the scattering angles must decrease (all
other things beilhg equal) in inverse proporticn to the initial
momentum ef the celliding particles¥®.

For convenience, another guantity, the complex quantity A =
}

1&NiAgs which is called the scattering amplitude probability

{or simply the scattering amplitude), is introduced in place of

A

the probabiliﬁy. The probability and amplitude are related by

the equation W = Af + Ag. It happens that even the imaginary

part of the scattering amplitude is important for those scatter-

ing situations in which each of the colliding particles can act.

% , _ : ‘ o .
In fact, for elastic sqattering sin B =ﬁ$p/p1, and, as a result,
of small angles, sin @ ~ 0.
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as a.black (absolutely absorbing) ball. Here one encounters

for the first time the inseparable link between absorption as an

" extreme case of the inelastic interaction of particles and their
mutual elastic scafttering: wave absorption close to an obstacle
causes wave distorfion and, consequently, the possibility of
elastic scattering of any particles having a wave nature. The
real part of the scattering amplitude is related to the refrac-
tion of incident waves in a partially transparent ("grey") ball,
the target.

The total energy is also not very convenilent for the theo-
reticians. It is more appropriate to be concerned with the
square of the energy, or rather with the square of the total

mohehtum s = (pll}}pg)e. Finally, instead of the transferred
momentum, they introduced the sguare of the difference of the

momenta, but with opposite sign ¢t = -ffEH - 52)2\ In this fashion, /38

the process of elastic scatfering is described by the function A
of the variables s and t, the former always positive and the

latter alﬁayS'negative.

The relative angular momentum 7 of the colliding particles
is also included in the description of the scattering process.
This can, according to quantum physics, only assume discrete
- values — integer or half-integer in units of Planck's constant
- An additional consequence of quantum physics is that the higher a
particle’s energy, the larger the number of waves associated with
' i1t. "These waves have increasing values of %, and can play an

"getive® role in the scattering process.
We now begin a discusslon of a quite abstract but very pro-

ductive physical-mathematical model which theoretical physicists
have begun to elaborate starting with an idea of fhe Italian
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T. Regge. 1In honor of the originator of the initial idea, every
facet of the work has acquired the jargon-like qualifier "Regge-
ized". One postulate of this theory is that the angular momentum
of a virtual particle can be considered as having any complex
value.

The idea of this generalization, becomes natural 1f one re-
calls the parallel cited above between virtual and strongly bound
particles. If a virtual particle can be compared, for example,
to an electron bound in a hydrogen atom, then it is necessary to
consider that, in addition to 1ts inherent moment (spin), it must

have an "arbitrary" angular momentumn.

As the fundamental equation of quantum mechanics for atoms
(the Schroedinger equation) shows, this arbitrary moment (and,
consequently, also its total moment, which can be called the
bound particle spin) depends on the binding energy U, and assumes
integer values for completely specified values of U, called the -
energy levels of the atom. From here it is not difficult to pro-
gress to the general concept of virtual particle spin. By con-
tinuously changing the enérgy U, the value of the spin must con-
tinuously vary. (including complex values), since the spin is a
single-valued function of total energy and mass. The value of
the mass assumes integral (positive) values just when the virtual

particle "decides" to become free. 1In this way, one arrives at

~
WA ]

the concept of families of related (in all physical characteris-
tics except mass and spin) particles, ﬁhich seem to be excited
states of various "parent" particles pessessing a definite

internal structure.
The second postulate includes the assumption that the ampli-

tude of mutually scattered particles a and b must always be an
analytical funetion of the arguments s and t. This means that a.
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detailed study of the behavier of this function even fer small
Changes_in the quantities 5 and t allows one, in prineiple, to
determine its behavier over the entire-raﬁge of pdséiﬁlé Vélueé
of s and t of the elastically scattered particle a. It 1s also
useful to consider absorption of the correspeonding anti-particle
a (annihilation) with the subsequent emission of the anti-parti-
cle b (instead of the absorption of particle b) and the particle
a&. The consideration of such an additional annihilation "channel"
of the reaction allows a crossing-over into the regilon of negative
values of the energy variable s and positive values of the momen-
tum variable t.

For the process of elastic scattering negative energies and
negative squares of transferred momenta, 1.e., positive.values of
t, has in itself no physlcal meaning (in particular, a positive
value of t could only be attained if the cosine of the particle's
scattering angle 8 became greater than one). However, the theory
in its entirety allows the attalnment of an exquisite mathemati-
cal description of elastic scattering, the prediction of several
characteristics of this process which at first glance appear ex-
tremely surprising, the discovery of the profound internal rela-
tion with the processd of excitiﬁg elementary. particles to reson-
ance states, and also the prediction of the existence of definite-
classes or famllies of exclted states which are characterized by
specific sets of discrete characteristics. (quantum numbers) and
specifie, regular relationships of masses and angular momenta f

(spins).

A surprising feature of elastic scattering that is well ex-
plained by Regge theory is, in particular, the decrease of trans-
ferred momentum in several important caseés (proton~proton scat-
tering) of scattering as the incident energy of the colliding-

particles increases. This peculiar situation consists of the
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fact. that at first glance the scattering process should be analo=
‘gous to the diffraction of X- -Trays in crystals but the diffrac-

~
=
e

tion pattern does not depend on the energy of the X—ray quanta.

|

It is determined only by the geometric parameters (size)of the
crystal lattice. In addition; it seems as if the collidiﬂg pro-
tons slightly "expand" with increasing energy, and the angles of
their mutual diffractive scattering decrease faster than the sim-

ple increase in particle momenta would reguire.

.
s
=

Thus, for example, in increasing the proton energy from 3

|

to 60 GeV (a factor of 20), its effective size increases by two.?

It is interesting to compare the information about the
"form" of the proten obtained with the help of the electron,
which serves as an ideal point "probe", with that obtained from
elastic proton-proton scattering. In the latter case, one can
foresee that the form~factor of the proton will appear twice, be-
-cause the proton is simultaneously b@th the source and the ab-
sorber of virtual particles. Figure 13 indicates that these ex-
pectations begin to be confirmed as the energy approaches 25 GeV.
Actually, in order to make the trahsitipn from the characteris-
tics of a point. particle to those of a real particle, it is neces-
sary to multiply the point particle cross sectlon twice by the
,squafe of the electromagnetic form factor of the proton and,

‘as a final result, introduce the fourth power of the form-factor.

*By effective size we mean that sige which, according to the
uncertainty relation, is dnversely proportlonal to the mean

value of the momentum of the recoil particle in the process of its
scattering, since no other methed of measuring the size of ele-
mentary partficles exists.
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-Resonances — New Particles -or New States

of anwn Particles?

In 1952, the renowned Itélian physicist E. Fermi at the
University of Chicago, together with his colleagues, began a
series of scattering studies of positive and hegative pions on
protons. The scheme of '

their experiments was very mb/GeVQ/c2

| Iair>
simple (Figure 14a), since .

the energy . of the pions at
that time did not surpass . 07
150 MeV, and nothing but {
elastic scattering was ex- 10°
pected. Three years later,

when the Brookhaven Cosmo-

tron came into. operation,
Lindenbaum and Yuan con- _ L
tinued these experiments (1070
in a significantly more re-
fined sdituation. Thus,
physicists were able to ad-
vance into the region of

significantly higher pion

energies (e.g., up to 2 A
i
GeV). 1In addition, they L g7 _ : :
e 2. L o F - .8

It], Geve/c?

Figure 13. Distribution of trans-
ferred momenta for the elastic
(45, 90, and '135°, as in scattering of protons on protons
Fermi's experiments), but (differential cross section Udif):

also the total probability Numbers to the right of the ,
curves indicate energy of the in-
cident protons (GeV). The calcu-
target would scatter asg lated curve (heavy) was obtained
from ep-scattering

{

were able to measure not
only the prcobabllity of

scattering at given angles

that a.preten: striking the

any. angle.
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_The total probability

- W is usually expressed in

terms of the total cross

section of the process Ot
2 1
=

Here, ND is The number of

atoms of hydrogen in each
square centimeter of the
target "bombarded" by the
pion beam. If the pions
striking the target were
material points, then the

value of Ut would be de-

termined by the lateral

cross section of.each of

the opaque balls, which is '

equivalent to the scatter-
ing center, the proton.
But the incident pion
possesses wave character-

istics, e.g., a wavelength

A = h/p, where p is the

particle momentum. 1In
this case, as shown by

quantum physics, the maxi-

mum possible cross section is expressed by the value ¢

particle (in units of Planck's constant, and A — its‘wavelength.

e o e

mb

A,

Total croass

section
==
_ S
3

1 . I“ ) 71 - ". v
00 a0g. - 800 s
Energy, MeV '

Figure 14. a) Diagram of the
experiment for elastic w+p scat-

. tering:
1, 2 — . incident particle count-
ers; 3 — liquid hydrogen; 4% —
lead filter; 5, 6 — scattered

particle counters

b) Expefimental results showing
the resoenance character of the
process

t:

A (2I + 1), where I is the angular momentum of the scattered

~-One ef the fundamental results concerning w-mesoensg with -

energies up to 350 MeV is sheown in Figure 14b. It is evident
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that the cross section reaches a sharp maximum (about 200 milli-

barns, or 2 - 10_25“cm2)*‘near 195 MeV. This value 1is close to
the theoretical one if the angular momentum of the scattered wave
is considered to have the value 3/2. It was also shown that the
scattered wave is distinctly different 1n phase from the incident,
and this difference gradually increases with pion energy until it

reaches. 90°, where the cross section is maximum.

It is possible to draw an analogy with the. resonance trans-
" fer of oscillatory motion between two pendulums of different
lengths suspended from the same string. When the pendulum coin-
‘cldes longitudinally with the "driving" pendulum (which is set
swinging by an external force), its amplitude of oscillation is
maximum and its phase is different by 90° (when the "drifing"
pendulum is maximaliy deflected, the-"d;iven" one is passing

through the vertical pesition).

Several years later, in 1959, a group of physicists from
the Lawrence Radiation Laboratory (U.3.A.) (G. Chew et al.) made
the hypothesis that the resonance state of several strongly in-
teracting particles in nature is by no means limited to this one

case. Havihg analyzed 1n detail the results of Hofstadbter on

the electromagnetic structurerof protons and neuﬁ?onsx they came\

to the conclusion that these particles have meson clouds con-
sisting of roughly 25% individual virtual mesens. Systems con-
sisting of -pions resonantly interacting in twes and threes must

contribute significantly to this "cloud".

Shortly thereafter, argfoupuefmphysieists from-the same lab,
under the leadership of L. &lvarez (subsequently honored with-

.*In nuclear pbgsics and elementary particle physics, the. barn.
(1 barn = 10-%* cm?) is sometimes used as the unit of measure

of the cress section; but much more often, the millibarn (1 mb =
10-27 em?) is used.
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the Nobel Prize) carried out a successful experimental search

for ternary systems. These scientists studied, with the aid of N
rthe hydrogen bubble ehamber, the process of annihilation of pro- _i&ﬂ
tons and antiprotons, which were discovered shortly before. They
measured the momenta and angles of emission of charged pions

created in the annihilation. They paid particular attentden.to

those 800 events in which 4 charged pions emerged, and from the
relation of total energy and momentum conservation, they antici-

pated the presence of an additional neutral pion (m9). Knowing

(from the same law of conservation of energy and,momenﬁum)‘the'

vector value of the momentum of the WO particle, they calculated

the distribution of the so-called effective mass of all three-body

systems (ﬂ+, T , T ), which is given in Flgure 15 The energy

that one is concerned ‘ﬂ%r—~———ff —
I".‘-'“‘ ;.‘ w )
with here is measured A R ‘ﬂ '
| S|k L '
in the center of grav- L gﬁa o :
‘ v L S
1ty of the. bound ﬂ+, oleb 4555 )
P _ ar i
' - O - R or iHy 1 “_ . .
T , T particle sys-. p:qgf _ 3 o
tem, after whose de- b S R
cay are obtalned the %2 ok : ﬁ/ﬁ L .
momenta of the free . = | T m——
T , T particles ob- 'y a5 o8- 1 2 4% 45 . 48~ 2«
.served in the experi- == . C _jMeff, GEV\
ment and the calecula- Figure 15. Separated AR resonance on |
. ted momentum of the ﬂO. the effective mass M off dlsirlbuilon . E
It is necessary to pe- of the three pion system (v + 71 + 7 )-i
AE — full width at half height of the .
_member that the energy resonance iy%f .

:E is related to the mass M (called ﬁhe effectlve mass) by N

eff
Einstein's equation E = Meff c® (e is the velocity of light). A
small group of separate events (whose mass Meff measured in units

of energy is close to 790 MeV) stands out in Figure 15 from the

48



background .of the smooth curve of the overall distribution of
effective mass. The assertion was made that just in such in-

' stahees e'momentafy'fe}mafien and disihtegratioﬁ of a particular,
resonance system of three pions, called the omega (w9) resonance
occurs. From the width /AE] of the subsidiary peak on the histo-
gram® of the mass distribution, treating this width as an uncer-

tainty in energy (that alsc means in mass) of the w9~resonance,

its 1life<time v can Beﬁcalculated. From the quantum mechanlcai\
uncertainty relation

AE-vsth

one gets T A 10794 sec.

Another bound resonance state, thils time a palr of pions
called the rho-resonance (p) was analogously discovered (but .
having started from other processes) The mass of the p- res%:§

Kpance was found to be ~equal %o 765 ‘MeV, and\ats life—tlme roughly\

10 times shorter thamn that of the w-resonance.

The measurement of the effective mass of a two-particile /45
resonance by means of 1ts decay products is, in general, equiva-
lent to measuring the energy of the resonance maxima in the elas-
tic scattering cross section of the same'particles. This can be

verified by placing the successive peaks. of the:curves of the

energj dependence of the total ﬂ+p and ﬂ—p scattering cross sec-
tions on the "spikes" of the curves of effective mass distribu-
tion of "suitable" reactions of multiple plon production in in-
elastic interactions of nucleons (Figure 16).

*A histogram is a2 breken line, each horizentdl segment ¢fiwhich

‘has an grdinate egual to the number-of events. which has. a-.value
of the measured quantlty w1thin the 1nterval glven on the
abscissal. _ : e

. [P VLY
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- A1l -the resonance
peaks. in Figure 16, de-.
7 signatéd_by fhe éymbolé
A -and N, correspond to
the specific effective
masses of the reson-
ances‘given in the
brackets. In contrast
to the mescn resonances
considered above, all
these are commonly
called baryon resonances
since they include a

heavy particle, a baryon

{(in this case, a protoen).
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Figure 16. Relation between the
masses of the resonances and the
peaks. of the total cross section for

o + N
elastic scattering of w. and w
mesons on protons

By comparing the effective masses of the resonance states of

various combinations of particles, one can see that very fre-

quently one and the same resonance state' can decay in different

ways. For example, the well known neutral resonance n® (eta
particle) with mass 594 MeV, decays 39% of the time into 2 y-

guanta, 30% of the time into 3 70 mesons, 23% of the time into

+

7+, 7, and 70 mesons (similar to the w particle}, and it has

s5till three or four more ways of decaying. As a result, the 1life-

time of the n0 resonance is two orders of magnitude smaller than

that of the 70 meson.

The various internal characteristles, the guantum numbers

(of the angular momentum typé) of the resonances are just as
clearly and unambiguously defined as those of the "normal" un-

stable particles (in particular, the set of quantum numbers

determines all the possible decay modes). The conclusion sug-

~gests 1tself that the distinction between the concepts-of. . .
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"elementary particle™ and "resonance state of several interacting
particles" practically does not exist. They are physical micro-
objects of the same type. There is a much more important dif-
ference, for example, between baryon particles and resbnances,

on the one hand, and mesons, on-the other, since the former
{beginning with the proton and neutron) can never be completely
transformed into particles of the second type. This is forbidden
by the law of conservation of a specific quantity (the baryon
quantum number), which equals zero in the case of mesons, +1 for
baryons, and -1 for antibaryons. Because of this law, only
baryons and antibaryens can, by mutually annihilating, be con-

verted to mesons (the same is true. for resocnances).
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CHAPTER 3.. DIFFRACTIVE AND COHERENT MODES OF
FPARTICLE PRODUCTION

Diffraction of Particles and Its Unexpected Consequences

As early as 1927, the experiments of Davison and Germer
(U.8.A.) showed that by passing electron beams through films of
erystalline material one gets exactly the same diffraction phenom-
enon as in X-ray experiments: on the photographic plate placed
behind an obstacle a distinct system of dark and light rings
were formed. At that time, thg hypothesis of the French physi-
eist, Louis de DBrogliie, was verified for the first time. This
hypothesis states that any material particle having momentum p
13 at the same time also a wave_of wavelength A, which is related

to 1ts momentum by the equation:

p-?\.irz h. \

Planck's constant, h = 6.6 - 10—2?-erg - sec, which was mentiocned
above, enfters inte this equation. '

Let us consider in greater detail the simplest case of dirf-
fraction of a particle-wave on a spherioal,,compietely ocpague
"ebstacle of radius R, which can be any other particle:which inter-
acts strongly with the first, e.g., a nucleon (Figure 17). 1In
the entire region behind the object, the wave is distorted, and
the degree of this distortion depends on the scattering angle 6.

Actually, the amplitude of the wave varies in space according to

. . AL . o
the law ?n*f7%. As-a result, two waves which "go around” the

b2

~
i
~3
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~ obstacle on different sides completely cancel each other under
. the condition:

and, conversely, they do not interfere with each other at all -
when they have the same phase AL = 0, i.e., at 8 = 0.

To recapitulate, at the center of the 1mage formed by a
wave on a photographic plate, there must be a black spot, and the
radius of the first light ring is inversely proportional to the
momentum of the incident wave-particle and the;s;ze of the sta-

tionary obstacle-parti-

cle, and it is equal to ; L N N ———

61 =‘h/ﬁRp (in angular

e e i

degrees). If we insert

specific values Into

this equation, e.g., a

pion of energy 10 GeV
5

(v 107
gquently with a momentum
v 10 GeV/e (¢ is the

velocity of light) im- Figure 17. Diffraétion of a wave on
an opague obstacle:

erg) and, conse-

T i

i 3

I
!

pilnging on a nucleon of

Fosition Xoig flrst minimum in the

intensity of the scattered wave ac-
cording to the relation AL = 2R

radius vy lO"13 e

must glve a dark ring

sin 6, = A/2 with Xpip = b osin 8,
of a width of roughly (A — wavelength; R — radius of the
two angular degrees. obstacle; L — distance to the screen)

Returning again to the corpuscular plecture of the phenomenon,:

one can say that here the scattering of the incident particle oc- °

¢urs’, and that the probability of scattering decreases with in-

creasing angle. In other words, to the incident particle
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corregpond, in different cases, different transverse momenta
Py WSulm, whose probability distribution decreases with the scat-
tering angle 6, i.e., with the value of the momentum Pi according

to a wellAdefined law.

It is important. that the characteristic value of the trans-
verse momentum in strong interactions is equal in order of magni-
tude to fhe pion mass multiplied by the velocity .of 1ight;@£:~ﬂwh
The commensurability of these gquantities is quite natural 1f one

considers the entire process of interaction as an exchange of

.
1=
O

' virtual piocns  whose "eclouds" determine the spatial structure of

nuclear particles. As we shall see later, the same order of mag-
nitude of ftransverse momenta is characteristic of practically any
strong interactions (including also inelastic) associated with

multiple particle production.

Now let us consider how this changes if the incldent partlcle
strlkes not one nucleon, but a whole nucleus. First of all, it
is clear that this is an object of large size. Since nucleons
are always. "packed" in the nucleus with roughly equal density
{(this is related, in particular, with the short range interaction
force), the total volume of the nucleus is proportional to the
atomic number A of the material, and the radius is r—éqﬂ. The
structure of each nuecleon ls determined by the emission of virtual

picns, and this implies that the size T of each nucleon is re-

lated to the pion mass m. by the relation ry

consequence of the uncertalnty relation).

~ h/mwc (again as a

Thus, 1n a first approximation, the nucleus is an almost

opague sphere (later we shall see how important this qualifier

Talmost" 1s) of radius‘R=%m%ﬁﬂ.
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We shall now demand that the conditions of interaction of
the incident wave-particle are equal for each nucleon of the
" nucleus. From the wave point-df"viéﬁ;'tﬁié”impliesAinLthe'fifst"k
bPlace that the phase relaticn of the scattereé waves must be
roughly constant over the entire extent of the nucleus. Then all
interacting nucleons of the nucleus will be in phase, or, as is
usually said, coherent. This leads to a mutual enhancement of
their interactions., But this condition in fturn requlres that the
change 1n wavelength be small with respect to the dimension R of

the nucleus. If we now return to the values of R and'ro given

above and recall the uncertainty relation between the length of a
wave and lts momentum, then we see that a necessary condition for
coherence is the smallness of the longitudinal momentum trans-

mitted to the nucleus in relation to the value of the guantity

%&cﬂfﬁl and not ohly'in relation to its initial value.

The Soviet physicists I. Ya. Pomeranchuk and E. L. Feinberg
were the first to note that, in spite of the small value of the
transferred momentum, the interaction of particles can be coherent

and diffractive and, nevertheless, it can be essentially inelastic

Ifrom the point of view" of the incident \particle.liHence, the tar-\

get particle will play the role of not enly an opagque, but also /50
stable, obstacle, and the projectile particle will fall apart
(dissocliate) into separate particles whose total mass exceeds the

mass of the incident "projectile.

At first glance, this appears as a completely paradoxical
situation. One of the "partners" of the interaction does not
even alter.its state, except for the relatively small "recoil"”;
the second, although being an elementary particle, is nevertheless
excited and transformed intec a significantly heavier (and, con-
éequehtlj; very unstable) system, all without peheﬁratihg %ﬁé

target, and almost as 1f without even fouching 1t.
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There is, however, no violation of the principle of causality

'~ involved in this phenomenon. The wave characteristics of elemen-

tary particles are being expressed in what is occurring here. An
opaque obstacle in the case of high energies severely distorts
the incident wave. This results in a fundamental change in its
characteristics, primarily in the relation between the value of
the energy and that of the momentum, in spite of the relatively
small change in momentum. In fact, we shall recall the relation-

ship between particle energy E, 1ts momentum p, ‘and mass M:
oo — p® + Mzca.‘i

From this, it -is apparent that at very high (with respect to
' the gquantity Mc) momenta, even a small decrease in momentum re-
sults in a significant increase in mass if the energy i1s held
constant. At the same $time, a slight decrease in momentum occurs
on striking the target, as an unavoidable consequence of the wave
: nature of elementary particles.

A prediction of the theory later (in 1964 -~ 1965) received
striking confirmation in experiments on the large accelerators.
It was found that at energiles on the order of IO‘GeV, a charged
pion incident on a nuclear target can in some, not all too rare,
cases "fall apart" at once into usually three charged pions. An
incident proton, on the cther hand, yields. ancother proton and two,
usually charged, pions. B3Such processes can bé observed parti-
cularly well in photoemulsions (Figure 18). The track of the
incident particle and. three tracks of the secondary particles
dispersing at small angles (on the order of a few degrees) are /51

—_—

clearly visible in it. No other tracks which could indicate an

excitation of the target nucleus leave the point . of interaction.
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By an expert glance,
a specialist will recognize
this event without diffi-
culty in a background of a
large number of "normal"
processes of multiple par-
ticle production, if the

energy EO of the incident

particle 1s known. In fact,

in the center of inertia of

the incident proton and one o - ’
Figure 18. Microphotograph of a
typical diffractive process event
scattering symmetry of the m+ A~ 3m + A on nuclei of a
photoemulsion at a poin energy

of 60 GeV. The track of the pri-
relative to the plane per- mary pion is at the left; the
tracks of three secondary parti-
cles diverge from point A (data
of the incident particle. of M. I. Tret'yakova)

of the target nucleons, the
particles must be satisfied
pendicular to the direction

In this system of coordi-
nates in which we observe the given event (the laboratory system)
this plane is transformed into a cone with an opening angle equal

to l/Yc radians, where the quantity Yo (the Lorentz* factor of

the center of inertia system of the interacting particles) simply

expressed in terms of the energy is:

Ye= |/ %& (M is the mass of the target).

If the target were one of the nucleons of the nucleus, then

using the specific values EG = 60 GeV, M = 1 GeV, we would obtain

*The quantity v=#Yi—wer, is called the Lorentz factor, where v

is the velocity of the given system (or particle), and c¢ is the
velocity of light. The quantity y is a very important character-
istic of a rapidly moving particle because it 1is equal to the
ratio of its total energy to its rest energy.

51

=



as ‘the opening angle of the symmetry cone a value of about 10°,
i.e., significantly more than the emission angles of all observed
" particles. The unusual character of this event is explained by
the fact that the target (a nuclear photoemulsion) is not related
to the center of inertia system of the observed particles. The
Lorentz factor of this system,f?':ﬁEdmﬂﬁ§5W, is only slightly
less than that of the initial particle (the mass of the excited
initial particle is My==1GeV). The absence of any traces of
nuclear excitation (no slow fragments ére emlitted from the nu-

cleus) confirms the given "diagnosis".

Subsequently, it will be shown that the phenomenon of dif-
fractive particle production almost completely disappears for
energies lesd than 3 -5 GéV and, on the other hand, 1ts proba-
bility continues to increase with increasing energy, at least up
to 200 GeV (such energies became attalnable after the unique
Soviet accelerator at Serpukhov, and then the accelerator at
Batavia, U.S.A., began eperating).

Let us now reé¢all that in Chapter 2 we discussed the model
of elastic scattering of real particles, which depends on the
exchange of virtual particles. ‘We wlll try to relate the dif-
fractive process considered above to the exchange of certain
virtual objects poessessing a completely determined .set of physi- |
cal characteristics which do not necessarily have to be the same;

as 1n the case of real particles. For the graphic representation

of -similar processes,«Feynman dlagrams are used _which were re- \

ferred to previcusly (see Figure 11bh).

In Figure 19 is shown the Feynman diagram for thé process

of the conversion of a single negatively charged pion into three
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pions as a result of diffracticn on an atemic nucleus. In this
_dlagram the 1ntermed1ate (virtual) particlie, which serves as a

~

carriler of momentum, is denoted by thé’ symbel P. "This is the:
pemeron, a particle which was first
introduced into the "use" of theo-

reticians by 1. Ya. Pomeranchuk.
The‘pomeron-cannot carry any phy-

'.,;— .

sical quantities except momenfum. _

Yor this reason, the pomeron can be _ e if: o
considered the quantum of the £ B fﬁ;,1_; ‘f"j
vacuum, because its most important | oA R
physical characteristies and, above j”ﬁaﬁy . h?f&“\\;\A—

all, its electric charge, are equal — - ——]

to zZero, as are those of the vacuum, Figure 19. Feynman diag=. ...
gram for the diffractive
production of pions on a
diffractive process only an odd ..o nucleus. P — pomeron

It is for thils reason that in the

‘number of charged particles are

formed, since the total electric charge was equal to the charge
of the incideﬂt particle, i.e., -1. The vacuum pole does not
emerge, but, in fact, neutral pions are created only in palrs.
The reason for this 1s the necessity of conserving still another
guantum number G, called parity, which equals -1 for any pion,

(-1)2 = +1. for any pair of‘pions, and, finally, (--'1)3 = -1 for
three pions. But when there is sufficient energy available, it
is possible to create two pairs of pions. A1l these conditions
are met in the formation of ‘a single heavy. particle (or more pre-

cisely, a resonance), which is called the Al—meson and has a mass

of 1070 MeV. One must not exclude the possibility that, instead

of a quickly decaying resonancéﬂ&{ a comblnat;on of a T -meson w1th\

.-.__/

the neutral p-meson, particles just as short-lived as the A

hfe formedL

1’
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Ought net. the validity of the diagram shown in Figure 19
and the whole ideology assoclated with it be verified by finding
" the pomeron in nature in a "pure™, free state? Among the diverse /54 -
"assortment" of processes observed during the last six years of"
the formation of particles with the decay of'free resonances,
there appeared, in fact, two candldates having the necessary set
of guantum numbers. The flrst is the neutral f—meson,iwhich'has
a mass of about 1270 MeV, and decays 80% of the time into two
plens and sometimes even into two pairs of pions, or info a K-
meson paired with its anti-particle (K). The second candidate
is also a neutral particle, the f'-meson, a heavyﬁt££iéﬁ£}f:ﬁﬁé”j£]
meson, with a mass of about 1515 MeV, and which decays approxi-
mately 70% of the time into a K + K pair. The life-time of both

-23 seconds.

particles is about 10
Let the reader not be perplexed by the fact that there is
- more than one candidaté for the post of the guantum part of the
vacuum. There can be no "competition" in the struggle among
them for this important post. The point is that, in the theory
of Regge (which refutes the presence of the corresponding pro-
cesses of momentum exchange in scattering, including also dif-
fraction), virﬁual states must necessarily find their natural
continuation in the form of resonances (or simply particles) in
proportion to thelr change in angular momentum, and this repeats
itself each time as soon as the angular momentum assumes integer
values differing one from another by two units of Planck's

constant.

In this fashion, instead of competition among the corre-
sponding free states there are, according to the ideclogy of the
"Reggeists", their "recurrences", i.e., & type of periodic re-
generation in proportion to the motion of the pole of a given
trajectory in angular momentum space, and, related to this, an

ingrease ip-the square of the mass each time by the same value.
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The processes of the diffractive creatlon of particles 1s
not simply a unligue curiosity, a paradox even in the world of
strongly interacting particles at high energy. For experimental
physicists, this phenomenon serveg . as a unique instrument for the
elucidation of Severél important characteristics of resonances

which seem to be elusive because of their short life-times.

~
w

We will examine what characterizes processes of diffraction
productive of resonances on nuclel of various sizes. First, the
emission angles of secondary waves must decrease as the total
number of nucleons of the nucleus A, and, consequeﬁtly, its
transverse dimensions, increase. This is a consequence of the
basic conditions of particle-wave diffraction. As a result, the

~curves of the differential cross section Oq1¢s reflecting the

dependence of the cross section of the process on the magnitude
of the momentum t transferred to the created resonance (Figure
20a), will "eclimb" up steeper and steeper with increasing A when
t tends to 0. This peculiarity of the differential cross sec-
tions 1s convenient in-thatTEEXallows one to clearly separate
diffractive processes of particle creation occurring on the nu-
cleus as a whole from the same particles produced on individual

nucleons of the nucleus.

Second, insofar as the process has a coherent character,
i.e., the interactions -with the individual nucleons of the nu-
cleus occur practically 1n phase and add, the total amplitude
is proporticnal to the number of 'nucleons of the nucleus A, andy
consequently, for light nuclei the probability of the process

ié proportional to A?. For a sufficiently large number of nu-

cleons, the longitudinal dimensions of the nucleus (in the
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Cqips Tel. units

g am - 4l Dﬁ'r;iaz_

Tel Jeaev2se?))

Figure 20. a) Distributiens of momentum-squared to. various -
nuclei in the diffractive production of Al reseonances with- pions

of energy 15 GeV (experlment of ‘S. Bemporay et al.). The contri-

butions of non-diffractive processes are indicated by the dashed

lines; b} the dependence of the relative cross sections of the

processes studied on. the atomic Welghts of the nuclel (in the

sameé experlment) and*éomparison ‘With the' 'calculated cross sec-

tions using various Oy for the interactions of the Al-resonance
with nuclecns:

1 — g, = 20 mb; 2 — 0, = 25 mb

direction of the incident particle) increase so much that the
probability of sbsorption of the created resonance in the nuclear
matter becomes significant. and reduces the initially quadratic.
increase in the yield of resonances. If this yleld of resonances:.
of a given type is plotted as a smooth function of the number of
‘nucleons in the nuclei, then the overall character of this func-

tion {(Figure 20b) will depend on the value of the cross section
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o, for the interaction of these resonances with fthe separate

-.nucleons. of the nuclei. By studying the experimental dependence . .
of the resonance yield on the number of nucleons in the nucleus
and comparing the results with theoretical calculations for dif-
ferent cross sections 0., the actual value of the cross section

b
Ub can be determined.

At a physics conference in January, 1968, at CERN, the ex-
‘perimental results of a large collaboration of scientists at the
electron accelerator DESY in Hamburg were reported. They studied
the coherent production of three resonances {(p, ¢, w) belonging
tc the same famlly of vector mesons on a very wide range of dif-
ferent nuclei, from beryl;ium to lead. Thoese involved in this
experiment were able to determine the values of the cross sec-
tions for nuclear absorpticn, and proved for at least. two reson- /57

ances (p and w) that they were in good agreement with the theo-

- retical predictlons.

It is. necessary to mention one circumstance which will be
discussed in detail in Chapter 7: There exists a theory of
strongly interacting particles (hadrons) based on the existence
of several symmetries (broken only by the weaker interactions) of
. fundamental physical properties of matter. These particles can
be incorporated into a clesed group, a family. By knowing the
specific characteristics, in particular, the interaction cross
~sections of the more "long-lived" members of this family, one can
make guantitative predicfions of the cross sections of the other,
more. "ephemeral” members of the family of resonance-~particles.

In more difficult cases (e.g., the family of spin 1 mesons, which
includes the p, w, and ¢ mesons) when there are no long-lived
members' of the family, 1t is possible to make theoretical calcu-
lations of approximate cross section values and, by éompéring
them with experimental values, verify the initial theoretical

concept. .
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AIn this manner, and‘in gapite of the faet fthat 1ife~times of
the’ réesonances are comparable to their formation times and. the
characterlstlc interactlon times of Strong interaction in general
physicists have contrived to find reliablé witnesses of their
exlstence. These witnesses turned out to be nucleons of the same
nuclei on which the resonances were produced. Since the whole
nucleus holds together just because of the strong interactions of
its constituent nucleons, the distance between neighboring ntu-
cleons is sufficiently small that any particle moving close to
. the velocity of light can overcome 1t in the time interval re;
quired for the realization of one elementary act of the strong
interactions. The possibility of observing a resonance is made
still easier in proportion to the increase in its production ‘
energy on a nucleus, since for any rapidly moving obJeet all time
scales are lengthened according to the theory of relativity.:
This relativistic effect is alse reflected in particle life-times
since these times are increased by as many times as a moving
particle's total energy is greater than its rest energy.

We are now convinced that resonances can exist not only in
a virtual form (as a carrier of the interaction between particles),
but also in a free one as a "product" of the excitation of an
"elementary" particle in a diffracticn process. Let us return
to the guestion posed in the previous chapter: what is a

resonance?

The very name "resonance" reflects the historically~formed
cenceptions of these unusual objects as being made up of two or
- more particles in a relatively steady state of resonance inter-
action. HewWever, 1t gradually became evident that resonances
possess all The same characteristics of "normal" parftieles which
were formerly considered elementary. In particular, the length
of thelr life-times do not 80 cardinally exceed the limits of

6h .
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longevity of real particles (let us say, the nl-meson), and. the

~ spatial "extent" (characterized by the absorption cross section

in nuclear ﬁatfef) doeé nét difféf”éfvéilffrém‘the dimensions of
elementary particles,

Besides, the "former" elementary particles, e.g., thé-mesons
or baryons, can be transformed into the corrésponding meson (in-~
tegral spin) or baryon (half-integral,spin) type. This indicates
that, first, "elementary" particles possess a no less complex
structure than a resonance and, second, the differences between
varlous families of particles and resonances can be significantly
greater than those between particles and resonances united ac-
cording to a series of essential physical characteristies (among
which mass is net included) in one and the same family. Recently
it has been customary to set the border between "stable" (to de-
cay due to strong interactions) particles and resonances at a

life-time of ~ 10_22

the uncertalnty in mass, which is related to rapid decay, al-

seconds. Below this limit of "longevity",
ready becomes equal to the average value of the mass itself.

Freom among theclarge number of particle-resonances currently
known (more than 100, not counting anti-particles), 24 of the
more abundant ones are given in Table 1, together with their
characteristics.

More precisely, in the Table are represented 11 charged
multiplets, i.e., small groups of "kindred" particles, differing
from one another only in charge (in the same way fas the wt, 0,

and 1T~ mesons, or the proton and neutron). As follows Ffrom the
first column of the Table, the closest "candidate" for a stable

™~
[}
i

particle 1is the n-meson, which is not so different in its physi-
cal characteristics from the m-=meson, inasmuch as the nt-mescon
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has 4 1life-time of &~ 1070 seconds, and the 10 -mesont 10710

. Seconds.

. One of the basic criteria of abundance is the relative
probability of forming a resonance in the interaction of two
.strongly interacting particles, pieons, kaons or protons wlth
protons.

It has been convenient to include several comments in
Table 1.

First, 1t is indicated that all meson resonances have. in-

~ tegral spin (in units of Planck's constant {4 divided by 2w), and
all baryon resonances — half-integral spin.- As will be dis--
cussed in detail in Chapter 7, thils can be explained by the fact.!
that the former consist of an .even, and the latter cf'an odd
number of the same "subparticles", each with spin %/2!.-

Second, the meson resonances, as a rule, are lighter than
the baryon resonances, and they are not as different ameng them-

selves as are the pion and proeoton.

Third, the life-times of almost all resenances are too short
and, consequently, their mass uncertainties (in accordance with
the laws of quantum mechanics) become cemparable to the masses
themselves. ‘

Finally, the probability Qf,férmingfﬁhe majority'@f,reSQnuﬁw'n )
ances decreases, in general, with'incréasing énergy of the parti-
¢le whieh produces theﬁ. The last three baryon resonances, how-
ever, are produced quite effectively at-enefgies in the tens of

GeV. 'This is related to the fact that. by nature they are related -
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~to the nucleons (therefore, they are denoted by the same symbol

'~ N as are the nucleons), and thelr production proceeds via the

diffractive process by means of pomeron exchange. This saves
them from dying out with increasing energies of the colliding

particles.
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CHAPTER 4. PERIPHERAL PROCESSES

"Memory", Inertia, and the Structure of Particles

Let us return to the processes of formation of secondary /62
cosmic radiation in the Earth's atmosphere. As was méntioned in
the introduction, physicists at the beginning of the 50's already
knew that, as a result of strong interactions with the nuclei of
atoms of the air, the primary particles, the protoens, gave rise
to all three components of the secondary radiation. In each of
these interactions, charged pions (nt and w- could be produced,
givihg rise to (as a result of decay) the penetrating or hard
muon component. In such processes, through the formation of 7°%-
mesons, the first step in the development of the gquickly absorbed
electron component (soft. component).was realized. And finally,
the products of the same interactions which do not decay in the
air, the nucleons, comprise the nuclear-active component, which
is capable of splitting more and more atomic nuclel into their

“constituent parts while not losing any energy at all.

In order to understand the processes occurring, it was neces-
sary to progress from a qualitative analysis of the phencomena to
a quantitative one and, above all, measure the energy relation-
ships. One of the possible energy analyses was carried out by
N. L. Grigorov and his colleagues at MSU with the aid of elec-
tronic apparatus (counters, ionization chambers) carried to the
upper levels of the atmosphere by a not very large balloon. By
making the measurements under various thicknesses of lead, theyl

were able to determine the energy flux of the electron-photon

70



.component at each le#el observed. Tracking the response of the
instryments at all altitudes, the scientists measured the total
energy depbsitéd byrall.wéémééoﬁé; Fiﬁally, having carried out
the parallel measurements at two iatitudes (31° and 55° North:
latifude), and knowing the critical energy necessary for the

protons to overcome the repulsive geomagnetic "barrier" at each
of these latitudes, the experimenters were able to estimate the

mean energy of the incident protons.

The subsequent mathematical analysis of the data together
with fully plausible assumption (in particular, that the =%, w-—,
m1°- mesons are equivalent) resulted in two very important facts.
First, at energies of 3 and{20,GeV, each nucleon loses on the
avefage no more than 30% of its energy in producing piocns in
strong interactions with light nuclei. Second, a large part of
the remaining 70% of the energy is carried off, as a rule, by
only one secondary nucleon (eilther a protonh or a neutron). It is
true that later studies showed that not all of the initial pre--
mises were true. In particular, it was necessary to reconsider
the data of medium range nucleons before interacting with the
nuclel. Nevertheless, the basic qualltative result, the sharp
separation of the nucleon from all the remaining secondary parti-

cles in both energy and direction, remained unchanged.

These results were verified by means of a more graphic
method 1n experiments of other Soviet physicists at the P. N. -
Lebedev Institute. They used a cloud chamber in conjunction with
a magnetic field. The energy of the incident nucleon was meas-
ured in an ionization calorimeter, and the energies (or rather
the momenta p) of the secondary charged particles (these were
principally pions) were determined from the curvatures of their
tracks in the magnetic field, using the simple relation: ..

. pe =300 Hp
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(c is the velocity of light, H is the magnetic field in Gauss,

£ 1s the radius of curvature of the track in centimeters, and pc

'is the momentuwm in eV). In investigations with the cloud chamber,
it was observed that multiple pion production is accompanied by

the emission from the nucleus of a slow proton, having at most
several hundred MeV (i.e., on the order of 1% of the energy of

the primary particle). 1t was completely logical to consider

this slow particle as the secondary. partner of a strong interac-

tion which underwent a relatively small (compared to the energy

and momentum received) recoil. In order to understand the char-.

acteristics of the interaction process, it is important to deal

™~
(@)
i=

with characteristics of motion which do not depend on the choice
of'a coordinate system.\The simplest of these characteristics is

the projection of the momentum on the plane perpendicular to the
directlion of metion of the incident particle. It is usually de-
noted by the symbol P2+ and malntains its value 1in any system of
coordinates moving in the direction of the incident particle, i.e.,

as the physieists say, 1t is a transformational invariant.

The projection of the momentum on the direction of motion
of the incildent particle Yﬁtﬁ or.the reduced longltudinal momentum
of the secondary particles are not suitable as invariant charac-
teristics of their motion, and neither is the change in energy
?AE or momentum Ap of any specific particle due to its interaction
with other particles — for example, in elastic scattering. How-
ever, the simple combination of two quantities expressing momen-

tum and energy loss in the interaction, namely, the quantity

£ = (ApeP — (AL} -
(where ¢ is the velocity of light) 1is an invariant. Indeed, t
is the same invariant quadratic quantity which we introduced in

discussing Regge theory. It - -is a good measure of the transfer

of momentum,
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‘For a particle of mass M, which is stationary prior to the

~collision (the target), a simple relation results:

e » i
t=2MEy sy

i.e., the recoil kinetic energy (E ) 18 also a possible measure

kin
of the invariant momentum transfer. What are the maln results
obtained in meson production experiments by means of Inelastic
collisions of two nucleons (in targets above the cloud chamber}?
It was found, as Grigorov suggested, that each of the nucleons
experiences, as a rule, a small (compared to the incident energy)
loss of momentum and, as a result,'isrenergetically distinct (or
igs, as is often said, a "leading" particle) among all the secon-

. dary partlcles. In other words, it is as 1f the seccondary parti-
cle "remembers" the nature of the primary particle by approxi-
mately cohserving its energy and directilon of motion. This may

be considered a result of each nucleon colliding with a small
'"piede", a structural element of the other nucleon. As far as we
know from the feoregoing, the nucleon can be represented as sev-
eral cores, each surrounded by a meson "atmosphere". As a result,
usually only the "periphery" of the nucleon participates in the
reaction. In this way, the physicists' concept of the peripheral
natufe of the interaction orlginated for both elastiec scattering

~and multiple particle production.

It is interesting to note that the more the "inertia" of the
primary particle 1s expressed, fhe fewer are the new particles
(pions) that are produced. Approximately the same thing is ob-
gserved in collisions of pions with nucleons, except that the
"leading" particles turn out to be two or three pions and. that,
in the case of a small number of produced particles, they seem to
disperse asymmetrically (in the'c.m.-system of the pilon and pro-

‘ton, thé majority of the particies leave in the direction of the

incident pion}. The last fact can be interpreted as a conseguencé
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of the meson having an "atmosphere" conslsting of heavier virtual
particles than that of the nucleon-antinucleon pair. Other inter-
pretations arelnpt lacking (we shall consider one in detail in

the last chapter). It may be that the number of structural ele-
ments of the pion are fewer than those of the nucleon. Even if
the absolute masses of these structural elements, which act as

the actual "projectiles" and targets of colliding particles, are
equal, their relative masses may be different for the pion and

the proton.

How Can One Get an Inelastiec Interaction

The peripheral character of the process of pion production
is bést expressed  and most easily described when the pilon number
ls small. We will consider the simplest model which describes
the phenomenon with the help of symbolical diagrams of the pro-
cess which are similar to Feynman diagrams. Let only one pion
be produced in a collision of two protons. One of the possible
peripheral processes which ocecurs in this case is shown in Figure

21. In this picture, one of the pro-

tonsg emits a virtual plon at the point o - LT
& (at the bottom of the diégram),-and
then the other proton absorbs it,
forming an excited "subsystem" of
mass M (cross-hatched in the diagram).

One can assume that the new pion is

produced simply by elastic scattering

' Figure 21. One of the

variations of single

pion exchange iIn a

single pion production -

reaction in p-p-inter-
actions .

of the virfual pion by the proton Pqs
and the proton P experlences charge

exchahge, being transformed into a

neutron. In the mathematical
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‘description of the processes with which is associated virtual

_particle emission (not ‘necessarlly plons) one of the maln factors
is the calculation of the guantity called the propagator ‘function.
This function is related to the probability of a virtual particle

of mass p and the square of the momentum transferred by its help
-t (recall that the square of the momentum transferred is denoted
by © with a minus sign). The propagator function has alquite

simple form:

1 . i ]
F (t) (t — uzcz}z I II +P‘?c?)2 -,

Its chief characteristic is the pronounced dominance of
small (relative to. the quantity wdc) momentum transfers. This is
related to the virtual hature of the principal "character™. In
particular, if the virtual particle is a pion, for which uECQE%ﬂ
O.O2_GeV2/@2, then the probability of recoil of the nucleons he-
tween which it is exchanged decreases by a factor of 50 1In going
from t = 0 te £ =1 GeV2/02 (as follows from the formulas intro-

duced earlier, the kinetic energy of the nucleon reaches 0.5 GeV

in this process).

The decisive role of the propagator in defermining the basic
' characteristics of phenomena 1s quite evident in the case of
quasi-two particle reactions (Figure 22a), in which one or both
of the celliding particles canndt only underge recolil but also
resonance excitation to a state characterized by new guantum num-—
bers. In Figure 22b is shown the experimental distribution of

momentum transfer and the propagator function for comparison.

At low colliding proton energies (1.5 - 3 GeV), pion produc-

tion occurs chlefly by means of an intermediate state in which a
resonance of mass. 1236 MeV is formed. This is the lightest.

baryon resonance (isobar), and. the high probability of its
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Figure 22. a) -General scheme of the guasi-two
particle process of multiple production; b) dis-
tribution of momentum transfer [t| in the reac-
tion mp+p + nm at an energy of 16 GeV. The
circles indicate the values of the propagator

function 1/(t - u202)2

production corresponds to the sharp peak in the elastic scatter-
ing cross section of free mtomesons on protons (see Figure 14b).
One’ of the features of this process is the large (five-fold) pre-
ponderance of wt-meson produbtion over Tm° production.

At higher proton energies (higher than 10 Ger, the forma-
tion of héavier isobars (as intermediate excited systems) with
masses 1440, 1520, and 1690 MeV begin to play a larger and larger
role. On decaying, each of these isobars can emit one or two
pions with roughly equal probability. They do not differ in their

quantum numbers from nucleons and, hence, can be preduced by dif-

fractive means, l.e., by exchanging a pomeron between the nucleons.

The probabllity of such an exchange relative to a single pion ex-
change at first increases, and then practically does not decrease
with incréasing energy of the colliding nucleons (whereas with
pion exchange this probability decreases in inverse proportion

to the square of the energy after reaching a maximum).‘
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.. . Processes of few pion production in ccllisions of. pions with
" protons are, as a rule, difficult to explain in terms of the
' simple peripheral model of single pion exchange. In any event,

it is often necessary to consider two or even three possible ex-

change processes: p-meson (with mass 765 MeV, w-meson (with mass
785 MeV), or Az—meson (with mass 1310 MeV). Only elastic '"charge
exchange" reactions — the transformation of m -mesons into 7m°-
mesons — comprise a "pleasant" exception. In such reactions,

only p-exchange is "allowed". Therefore, the reaction:

—

‘np—>n'n \

has recently been studied with interest, and gives reasonable
confirmation of the baslc laws of Regge theory under the clearest
condltions over a large energy range of the colliding particles.

Let us return once again-to the diagram of the type given
-in Pigure 21. It is obvious that, on account of the symmetry of.
the initial "state, proton 1 (the "projectile") and proton 2 (the
"target") can change roles. Each can be transformed to an ex- \
cited system. When this system decays, 1 - 2 pions are emitted
in addition te the baryon, and these pions generally leave close
to the direction of the incident proton. In this regard, it - is
necessary to consider the fact that the target proton, which
moves backwards in the center-of-mass (c.m.) system of coordi-
nates of the two partilcles, also moves fbrward, but at a large
angle, after the transformation to the laboratory (lab) system.
The much faster meson can sometimes leave at an angle greater
than 90°, even in the lab system. By glancing at the table of
regonances with thelr decay medes, we can convince durselves that
the quasi-two body process allows no more than 4 - 6 free parti-

cles (including neutrals) in the final state.
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... . However, in spite of the scantiness of its "repertoire", the

quasi-two body reaction and those reducible to it constitute the

" “"rlchest "educational field" fTor experimeénters, sitnce they are

used to obtain exhaustive information about the characteristics
of any virtual particle.

Perhaps the reactions which have been studied in greatest
detall are all of the type NN -+ NA (with the participation of
nucleons and the production of the A resonance)}, and also 7N -
pN, TN -+ fN, 7N + pA and aN +» fA (with the participation of a
pien and a nucleon). All these reactions are well described by
a single law of interaction of the virtual pion with free (real)
nuclieons and pions. '

The reaction pN » NNKK is also very interesting. It allows
one to discover the laws of exchange of the "almost" free K-meson

in the preocess of production of free K and anti-K particles (K).

L

The Jjust-as-simple reactions 7 p - an, TP non and

T p + pr allow the determination of the behavior of the D, A2

and A resonances as virtual partlicles. Finally, a particular

case 1g the study of the momentum distribution of protons in the

\

viecinity of the'upper limit of possible energies in reactions which ¢

are conventionally represented as

‘jp+.b-*p+X.f',]

in which the system X represents all the created particles except
a single, fast proton. Theory indicates that such a reaction
gives valuable information about the interaction cross section of
the pemeron P with the proton.

- On the whole, the basic idea of the existence of some’ 2-step
process related to the initial excitation and subsequent inde-

pendent decay of the colliding particles has turned out to be
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. very fruitful. As early as 1949, G. T. Zatsepin (USSR) and, in

1952, 8. Takagi (Japan) proposed to explain the basic features

of secondary cosmic ray formation by means of the phenomenon of
the excitation of colliding nucleons at high energy. The re-

‘nowned Chinese theoretlclan and Nobel Laureate, €. Yang, who

works in the United States, introduced a model of asymptotic
fragmentation at the International Conference in Kiev in 1970.

His model, which is completely independent of the results ob-

tained with cosmic rays, was based only on accelerator data. At

this time, 1t was asserted that many essential features of mul-

tiple production (in particular, the approximate constancy of the
cross section of the process and the simlilarities of the energy
spectra as the energy is‘increased indefinitely) can-be'considered

as simple consequences of the analogous model of excitation and

decay (fragmentation) of colliding parﬁicles if one does not

limit oneself by demanding that the process havé a resonance char-
acter {(with the formation of 1sobars in the intermediate state

of the process).

Finally, in 1972, several physicists tried to find evidence
from experiments using intersecting beams of equivalent energy

n 1072

- assumptlion of diffractive particle production (discussed in Chap-

eV to substantiate the "Nova" model, which is based on the

ter 3) be means of exciting each of the colliding particles.
Since in all these models, the excitation of nucleons was not
limited by the production of the already known resonances, the
posslibility of obtaining an arbitrarily-high'maSS was postulated,
assuning in principle an arbitrdry large number of produced

'particles.
As experiments moved to higher and higher regions of energy,

-ift became more and nore difficult for the theoretidal physicists
working-on the development of l-particle exchange models to make
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ends meet. One of the main difflculties censisted ef trying to
explain how the particle interaction cress sectioen maintained
itself as energy increased. AS Regge theory demonstrates, this
cress section is Lnamblguously related and simply preportional to
the zero degree elastic scatteringAamplitﬁde.

One attempt to evercome this difficulty consisted of improv-
ing the theory by replacing simple one particle exchange with a
multiple peripheral process, which 1s schematically represented
in Figure 23a,b in several of its varlations. It is character-
ized by the conslideration of the pessibility of multistage emis-
sion ef virtual

s

= e Semenn

mesons (in particu~’»

lar, m-mesons) and

thelir mutual inter-

actions. This, in

_A 4

e - F e

itsell, seems to be
a natural extension

of the simplest peri-
pheral medel. It ' R
would appear that - 7 | 7?”-?Ejt;:’
virtual particles o e

-

can behave like free Plgure 23. Two possible variations of

ones, and that their the multiperipheral process:

s a — general form of the diagram of the
pOtentlalltleS are multiperipheral process; b — one of the:
immeasurably greater varlations of the process of virtual -

meson exchange and the creaticn of par-

‘ co ence of s ;
as a nsequ ticles via the p-resenance

the nen-constant

value of thelr mass ,

and the absence of the need te "censider" them in terms of the law .
of energy conservation in the intermediate. state. One of the pes-
sible tests of the theery is the verification of the pessibility
predicate& by 1t of calculating the probability of an elastic

process as sums of products of the probabilities of all pessible

8o



- g %

Flgure 24 | Representatlon of elastlc scatterlng as two suc-
cessive processes (forward and backward) of multlperlpheral
multiple. particle production

forward and backward processes'of multiple production (see Figure
24). And here, it was found that in taking into account all the
conservation laws of physical quantities in the final state, one
can in no way succeed in- enllstlng a sufficient number of possi-
bilities of multipile partlcle productlon in order to ensure the
necessary probability of return to the initial state, i.e., of
elastic scattering of the COllidiné particles at an angle of Zero

.

degrees. An:attempt_to put together anew a speculatively analyzed

mechanism of intermediate. interactions of particlés met with fail-
ure because of a deficiency of "small screws" and construction
"parts" (an unskilled watchmaker.is, as a rule, confronted with
the opposite situation — an excess of parts). The more success-
ful possibility, discovered later,(of a complete "assembly" of
the elastic interaction from all inelastic ones consisted of the
"permission” to use sufficiently heavy. "parts" by which the en-
tire "ladder" of the mechanism holds together. This iIs symboli-
‘cally represented in Figure 23b. We will return to this question
in Chapter 6.

In spite of the many calculational difficulties and the un-
certainty of choice among different variants, the multiperipheral
model has attaiped great popularity among physicists and, espe-
cially, theorists dufing the last few years. The reasons for

this succ¢ess can be pelnted out.
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. First, 1t was found that the simplest types of peripheral
processes related to a single step exchange of virtual pions
(such reactions, in particular, as wtp + at+ p0 and atp » 4+t o
for incident wt-meson momenta of 3.7 GeV/c) could be studied in
detail in experiments. These experimenﬁs are charvacterized by
the non-uniferm (anisotropic) distributioen of the azimuthal
angles of the produced particles. If the virtual pior, like a
real one, possessed no intrinsic angular momentum (spin), then
there would be no reason for the appearance of an anisotropj in-
the distribution'of azimuthal angles. Frem this, the conclusion
unavoidably follows that the spin of the virtual pion (and, in
general, any virtual particle) differs from the spin of the cor-
responding real particle, and, in accordance with the basic
hypothesis of Regge theory, it changes wlth the change in mass -~
of the particle and the momentum transferred. by it. This impolr-. /
ant fact gives rise to the use of "Reggeized" virtual particles ‘
‘in peripheral models. '

Second, it became evident that the fraction of particles
created through the intermediate state of resonance formation and

decay is;_generally speaking, gqulife large and does not-change

~
o

strongly with increasing multipliclty of the precess. Thus, for
example, the ftotal fraction of pions preoduced by protons inter-
acting with them by means of the formation of the five more "popu-
lar" resonances p, £, w, n, and .A%™Y typically decreases by a
factor of two (from 50 to 25%) when the total number of pions
increases from three to five. 1In addition, this fraction depends
weakly'on the initial energy of the coeolliding particles (Figure
25). Therefore, it is "tempting" to ‘consider\ that resonance
production'proceeds,via a resonance interaction between the col-
liding virtual particles in a multiperipheral chain of the type “
shown in Figure 23b.
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Figure 25.- The fraction of piens &, created via

intermediate state resonances in w"p (e) and 7ntp

(0) interactions at various energies in the re-
' actlons wp =+ 3mp and wp > 51p

Let us note once again the twe fundamental features of
strong interactions at high energies.  First, the existence of
a ve%y intimate link between elastic scatfering and multiple
particie production. Second, the relatively large fraction of
fﬂe energykept(on‘the average) by one particle (in the lay sys-
tem of coordinates). This 1s characteristic of multiple‘particle

. production.

For sthdying processes, it 'is very useful to construct a
medel by whose help one can rigorously deduce the basic features
of the elastic and inelastic processes. Such models have been
proposed more-than cnce. Perhaps the most paphlar and thoroughly
developed one is the model based on the cencept of virtual par-. L_ﬂ
ticle exchange and treated mathematically according to the basic |
idea of Regge by using amplitudes as analytical functions of
complei angular momentum. ' '

The first touchstone of Regge theory was the explanation of
the energy dependence of the total cross section (elastic.and
iﬁelaéfic) for the strong interactions of fundamental péfticlés
(nucleons, pions and K-mesons) and their anti-particles with
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protons and neutrons. In Figure 26,

a summary of the current

experimental data. together with theoretical curves 15 shown. As

1s evldent, the theory agrees very well with experiment, at least

up to an energy of 60 GeV, the
1imit attained with the aid of the
Soviet accelerator at Serpukhov.

l.e.,

As the energy is increased, the
cross section for anti-particles and

their corresponding particles gradu-

ally cenverge (more slowly for pions).

The cross sections should merge at

12 eV.

The Soviet physicist Pomeranchuk

ah energy on the order of 10

theoretically predicted this gradual
(asymptotic) coenvergence of the
crogs sections with unlimited in-

¢crease 1in energy.

In this same asymptotlc region,
a completely well-defined relation
between the proton, pion, and kaon
(K-meson) cross sections should !
exist. AL energies attained so far,
this was only true to a rough

approximation.

1t was successfully explained.
theoretically net only why cross

sections decrease with increasing
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g, mb-

52 :
wlb h*%QV
A N

T

~
-~
1

|

""‘Dk ) . --'Q. p,D

e

15 f‘ N i. ‘ I T, .!
50 T 50 a0 700,
- : A @eV/c
Figure 26. Experimental

data for energy depend-~
ence of the total cross
sections for particle-
@gﬁifggptlcle interactions)
(protons, pions, and
kaons) with protons and-
the results of Regge-
model calculations (heavy
curves)

energy, but also why they subsequently increase (as§OCCurred

garlier in several instances,
with others).
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such as with K%-mesons)

‘and later



It is-.necessary to stress that the agreement of theory with
experiment cost a great deal of effort. Filrst, it was necessary
" %0 consider the féasibility of exchanging virtual particles of
five types, each one correspondiﬁg to its own Regge trajectory,
i.e., its own law for changing the pesition of the pole of the
interaction amplitude for a change in the moementum transfer t.
What one is concerned with here are the trajectories i), {0, A, P,
and P', where the last two correspond to vacuum poles, which only
carry quantum numbers of value zero and, cenSequentl&u;dén parti=
cipate in processes of the diffractive type which do-hot "die out"
with increasing energies. The total number of free parameters
- which theorists have at their disposal to "fit" the energy de-

pendence of the cress sections to experiment:ls in excess of 30!

Second, it was necessary to consilder the fact that with the
approach to higher energies, the role of particular amplitudes

~which are more complex than the pele would become more important.

Without getting into the haze of the theory of analytic
functions of a complex variable, one can intuitively explain this
situation as an unavoildable exchange of pairs of virtual parti-
cles or as a process of rescattered hadrons. The very possibil-
ity and necessity of rescattering is a result of the strong char-
acter of the infteraction. 1In fact, a "strong interaction" de-
notes an interaction by means of virtual particles, the proba-
bility of emission of which is close to ﬁnity, in contrast to
the electromagnetic-interaction for which the probability expres-
sion appears with an additional factor of 1/137. Hence, in the
absence of an energy limit, the-probébility of repeated exchange .
o of virtual particles becomes gquite high. With the example of
total cross sections, we encounter the situation characteristic
of .all. problems with which Regge theory 1s concerned. . 0One wou1d 
expect that, in the region in which the energy tends asymptoti-
cally to infinity, all the formulas and relations of this theory
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- would.become quite simple. Unfortunately, the theory does not

5‘“possess definite criteria for answering the question at what
energy this "1dyll" will be attained. Besides, by comparing the
rate of convergence of the total cross sections of 5p and pp
interactions, .on thé one hand, and 7~p and 7%*p, on the other,
one can assume that the boundary'of the asymptotic region can be
different for different processes. This is related to the fact
that the contribution, introduced by the exchange of different
virtual particles is different.

In 1973, the question of the asymptotic behavior of the cross

section appeared in a completely new way when data concerning pro-

,'ton-proton collislons at energies from 200 - 1500 GeV (these data
wére obtalned on the accelerators at Batavia and CERN) were pub-
lished. It was found that after passing through a mildly sloping
minimum, the cross section started %o ihcrease, slowly, but un-
ambiguously. It is interesting that long before this, N. L.
Grigorov and colleagues observed an analogous increase (roughly
15%) in the cross section of carbon nuclel in experiments with
cosmic rays, but at the time they did not attach any significance
to this.

The next touchstone of the:theory is the problem of the
leading particles, i.e., the energetically isolated particles
emitted in the process of multiple particle production. The mul-
tiperipheral moedel (abbreviated MPM) attained the. greatest suc-
cess 1n describing this characteristic phenomenon. An interna-
tional assoclation of theoreticians (the Chinese scientist Chan,

- the Polish scientist J. Loskiewicz, and the American scientist
“ '?:wAliiéaﬁ} was the first ihw1§67 td work out énd checkmfhiéq
mcdel in detail, and good agreement with experiment was

obtained. Their model received the "code" name CIA, obtained
from the first letters of their lsst names.
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‘Well, of what did fthe basic methods and main results. of this

model consist?

The starting point of the model is the multiplicity of pro-
duction, the number of particles N created, and after this each “'ug@_'
"rung" of the ladder diagram (Figure 23a) was considered
separately.

The mathematical formulation of the model consists of repre- /1T
senting the amplitude of the process as a whole as a product of
amplitudes, each relating to one section of the '"ladder". At
first glance, it appears as 1if there are too many degrees of free-
dom even for a given number of created particles,'and the arbi-
trariness of the authers of the model is practically unrestricted.
However, the physical idea of this formalism shows through quite
clearly if one considers two limiting cases -— very high and suf-
ficiently small values of the energy of each pair of interacting
virtual particles. The first case, when the energy significantly
exceeds 1 GeV, occurs elther for very high energy collisions of
real particles (hadrons), or for a small number of "steps" of the
ladder diagram (see Figure 23a), i.e., for a small number of
created particles. In such a case, the basic formula of the model
(because of‘its complexity, we Wwill not write.it down here) re-
duces to the sltuation in which both of the initial hadrons are .

energetically isolated after the interaction from all the pro-

duced particles.

The second limiting case occurs when the energy of the col-
liding particles {(in the c.m. system) is divided by the number of
created particles, thereby decreasing to roughly 0.5 GeV. In
this case, all the produced particles have equal rights, and
thelr angular and momentum dlstributions are governed.by a random
combinatorial analysis allowing for the conservation of total
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energy and .total momentum.  This model predicts (in agreement

with experiment) that with further increase in.the number of

. "cereated particles, the probability of the whole process guickly

falls when the average energy of each particle becomes less
than 0.5 GeV,.

In the final analysis, all medels based on the experimental
fact that, with a decrease in the number of secondary particles N
or with an increase of the incident energy, the consequent in-
crease of energy of each pair of created particles must result in
a smooth transition from the complete "mixing'" of all produced
particles to a sharp separation of two leading particles. By
choosing the parameters {(this is done with the aid of a computer)
a reasonable agreement with experiment was attained for the longi-
tudinal mementum distributions of the different types of particles

(mt, 7, #° and p (in p-interactions at energies of 8 and 16 G%ﬁl}

The broken lines in Figure 27 are constructed on the basis iZ@
of an enormous amount of experimental data (many thousands of
measurements in the bubble charber) obtained by the Krakow group
of Chighevskiy. -The theoretically calculated smooth lines agree

very wWell with experiment.

The CLA model predicts a constant value; independent of the
multiplicity for the mean transverse momentum of the particles
for both protons and pions. This value is close. to 0.4 GeV/c.
We will subseguently see. that this is really a fﬁndamental char-
acteristic of multiple particle production, but the interpretation
in various models appears completely different.

Returning again. to the longifudinal momenta of particles, /79
we can notice cone feature which is characteristic just,of the
"ladder" diagram of the process. By "aligning" all created bar—

. ticles according to increasing longitudinal momentum, we must
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ocbtain a resemblance of o

a geometric series when
"‘each'éﬁbsequént momentum _
is larger by roughly the |-
same factor than the pre-
céding one. For not
very small longitudinal

‘momenta, the same geo- g =2 -1 e ! 3'4”G6v7
- T T ": PR _k_____r-‘.f.._._

metric progression must

alsc be valid for the gk 'mﬁkuﬂdjrgé*

total momenta ef the
particles. "If one con-
siders that the form of Ly

a geometric progression

depends neither on the

multiplicity N nor on ﬁ' 'L;,ﬁrﬁ' o
‘the initial energy (i.e., ;"2 '~ ¢ 1 7 p,GeV/q-

-the relation of the next Figure 27. Distributions of the

momentum to- the preced- ~ longitudinal momenta of pions created
in #~p interactions of different mul-

ing one stays constant), tiplicity (incident momenta is 16

then there must be the GeV/c):

same fixed arithmetic Broken lines — experimental results;
. smooth curves — predictions of the

progression on a loga- peripheral model for the reactions

rithmic scale of energy T—p » m7p 7° (a) and m~p + TP v+ﬂ%ﬂ

and, besides, a propor- 71w % (b)

tionallty between the
average number of created particles and the incident energy
M 1g Eo.

Besides the longitudinal component of particle momentumkpﬂﬂ;

the transverse component5WLM is also important sinee this quantity.

does not depend on the choice of ceordinate system. .The quantity:
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w_fz E4+py

called the rapidity (y) also plays a special role in the theoretis-
cal analysils of experimental data.

At first, thils guantity did not appear to be very attractive
or normal, especlally to the experimenters. dHowever, by means of
several mathematical transformations (which we leave to the
reader), one can verify that the'scale of rapidity closely corre-
sponds to the logarithmic scale of angles 6, namely, |

:ygmm%ﬁf

This already allows a comparison of theory with experiment with-
out recourse to measurements of momenta (or energies) of the

created parbicles by limiting oneself to angle measurements.

By meansg of another transformation, one obtains a different
expressioen, whiech is simple and approximate, for the rapidity:
o= In'=——,
cy=lngT

Here, E 1s the energy of the created particle, andgmitﬂfgi+qﬁ@ﬁﬂ

dees not depend on the choice of ceordinate system but, however,
depends on the nature of the particle, namely on the mass M (¢ is
the veloecity of light).

In this fashion, when energy (or momentum)- measurements are
available, one can use the scale of rapidity as a logarithmic
scale ol energy, but only with the proviso that the units of
measurement of this scale depend cn the mass W and on the trans-

verse component of the particle momentum 'pp¥.

*Eor_real,values of 71, which are small compared to the protoen
mass multiplied by the velocity of light, the quantity y for the
proten is almost independent of o, .,
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An important advantage in introducing the rapidity instead
of the longiltudinal momentum or the enérgy is that, in the case
' of a transformation frem one system of coordinates to another
which differs to an arbitrarily large degree in the velocity of
its motion in the direction of the incident partlcle, the rapldlty
of all secondary particles {(independent of their velocity or mass)
changes by one and the same constant. Consequently, any arbi-
trarily complex distribution of these particles iﬁ rapidity pre-
serves 1ts form exactly for such a transformation. It only moves
left or right on the scale of rapidity.

Still anoether merit of this guantify,; as later experiments
en the accelerators of higher energy showed, is that with a change
ef the rapidity (in contrast to the longitudinal momentum) of the
average transverse mowmentum, the entire distribution of trans-
verse momentum remains unchanged. In this way, the rapidity and
the transverse momentum constitute two complementary invafiant‘
characteristics of particie production.

Calculations using the peripheral model show that for suffi-
clently high incident energies, the distribution in rapidity of
created particles must have a simple, "takle-like" character ‘
{(Figure 28). In this case, the

rapidity itself forms\an arith- @'7  )

metic progression; and the ;‘ | e :-":;:¥“§r;;%ﬂ;‘f
"width" of the table and the | XJ ’ >\3
number of particles produced is \ e ,;A'
proportional to the logarithm & -

of the incident energy and, ‘ Figure 28 Predictions of the

multiperipheral moedel of the
‘ change in distribution of sec--
" of the incident particle. endary mn—-mesons as a function.
of rapidity y in the interac-
| ” tion mt + p as the rapidity
In some cases:, azimuthal of the initial wt-meson yo
changes (y§ = 2, 4, and 6)

consequently, to the rapidity

angles are analyzed. These are
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the. angles between the transverse momenta of the particles, ob-

. tained from the projection of thg_momentum on the plane perpendi-
cular to the direction of the incidenf pérticlé. Ifr, for pro-
cesses of the multiperipheral type, we "align" the particles in.
order of inecreasing longitudinal momentum, then we thereby pro-
gress along the "ladder" in the diagram shown in Figure 23a. 1In
this case, each. particle must have reacted stroenger than ever to
the emission-angle of i1ts nearest neighbor, experiencing (if only
partially) the corresponding recoil in the eguatorial plane. De-
talled analysls of the expected angular correlatiens showed that
effects of such a type do not exist. The impression is made that
independent of fhe 1ongitudinél mementum received, the scattering
of all the pions occurs as 1if from one center of emission. Un-
fdrtunately, with increasing initial energy and the correspondihng
increase In multiplicity of the process, the electronic compuer|
must sort through an ever larger number of different combinations
“of particle momenta. Indeed, tens of hours are spent on calcula-

tions even for the relatively moderate energy of‘EO‘% 30 GeV. It

is not surprising that many physicists are seeking. an escape from
"econstructing" other, computationally more complex, models which
are vased not on the sequential exchange of chains of ﬁirtual
particles, but on a more or less equal "mixing" of created

particles.
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CHAPTER 5. STATISTICS, HYDRODYNAMICS, AND
THERMODYNAMICS "WITHIN" ELEMENTARY
PARTICLES

Phase Space — The Cornerstone of Statistics

In proportion to the increase in energy of the created par-
ticles in inelastic collisions of hadrons and, parallel to this,
to the total number of particles produced, difficulties 1ncrease
wlth the theory of peripheral processes. It 1is neceésary to con-
sider an ever larger number of reactilon channels, i.e., the vari-
ous combinations of secondary particles of different nature. Con-
sequently, even with the use of powerful computers for calculat-.
ing all the concrete possibilities (say, for example, in the mul-
tiperipheral model), tens and ﬁundreds of hours of pure calcula-
tion time are required. The abundance of parameters F—-the
numerical characteristics governed by the behavior of the virtual
particles — also interfere. Indeed, these must be "fit" to the

experimental results.

On the other hand, scientists began to observe such hadron
collisions (especially those involving c0mplexlnuclei) long ago
in cosmic rays in which fens and even hundreds of particles are
created simultanéously. One would think that in such cases, i.e.,
in averaging over a large number of possible directions, velo-
-cities of emission, and internal states of the created particles,

definite regularities would begin to express themselves.
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Figure 29. Photoemulsion copy (micrograph) of

a rare process of production of ~ 330 charged
particles by an initial heavy nucleus of cosmic
radiation of energy & 200 GeV/nucleon. There

is an interval of 650 minutes between the left
and right parts of the photograph in order to

be able to show the separation of the dense cen-
tral part from the tracks of the other particles.

The scale of the photo is at the right

Regard carefully Figure 29. At first glance, the various
kinematical possibilities of particle emission (i.e., the possi-
bilities of emission at different angles and with different velo-
cities) are far from being equally probable: all the particles
move within the limits of a relatively narrow cone, and among
them there are practically no slow particles, which distinguish
themselves by higher density tracks. This situation changes sig-
nificantly if all the kinematical descriptions of the process are
carried out in a moving system of coordinates (c.m. system), in
which the total momentum of the colliding particles is equal to
zero., In order to make the transformation to this system of co-

ordinates, it is necessary to use the formulas of the special

b
Co
=

theory of relativity, which are called Lorentz transformations.

In the simple case when one is concerned only with the zenith
angle 6, and when the particle velocities in the c.m. system are
sufficiently close to the velocity of the center of mass, the
Lorentz transformation has the form:
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ctg QL = TC_O"g 5 3

In this formula, ©

L and GC are the angles of emission of the
- particle 1n the statlonary system (lab-systemjraﬁd in the c.m.

system, respectively; and the guantity:

o= 11y T= P |

is related to the center of mass velocity v, expressed as a frac-
tion of the velocity of light ¢, and is called the Lorentz factor.
If one takes the 1ogarithm of the formula which was introduced
above, then it is cbvious (Figure 30) that any distribution of
particle angles SC is transformed to g distribution of the angles

BL just considered by means of a parallel translation without

deformation.
i on el b
id ! —
The transforma- zr o
tion of angles car- g}t
ried out here allows s :
- ; —~ -
any experimenter to 1_3 : - Eogﬂ&.:
kill two birds with ‘ ; -
P m oL
one stone. First, ;_;?FQ;
he can determine idbL;f 1
the "true" (i.e., P TR +%f ey
L : - © 8 ?
relative to the c.m. 1 T L gh /

system) form of" the  Figure.30+ - Comparison Of the angular. dls—-

angular distributien:- :tributien of eredted: particles.inithe

- laboratory system of coordinates (upper)
and the center-of-mass system (lower).

Second, the velocity The distribution is displaced (without

distortion) to the right by an amount log

Yoo where L is the Lorentz factor of the

of created particles.’

of the ¢.m. systen
is determined,.and center of mass
thus the energy Eg.
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of .the incident particle, according fto:
Byt M

(the mass of the incident particle M is assumed to be the same

as the mass of the stationary target, e.g., a nucleon).

After applying the Lerentz transformation to the event
shown in Figure 29, one can verify that in the ¢.m. system the
angular distribution of the particles is isotropic; i.e., any
emission angle is equally probable.

Besides the angles, the most important kinematical charac-
tebistlic of the created particles 1s the momentum p = mv, where
the mass m is a simple function of the velocity v. The mass m
differs from the constant rest mass by a factor equal to the
Lorentz factor y. One cannot Simply agsume that any momentum is
equally brobable, since the momentum is related to the energy E /85
(at high velocities, p and E are numerically equal and differ
only by the choice of units of measurement), and the total amount
of energy is 1limited by that of the incident particle. However,
it is completely natural to think that, within the maximum limit
of momentum allowed by momentum conservation, all possible values

of momentum are equally prcbable.

Since momentum 1s a three-component vector quantity, equal
probabilities of the directlons and magnitudes of the momenta
imply a uniform population of the volume of a sphere of radius.

r =7p This sphere is conventionally represented in an ab-

max’
stract space which is called phase space. Besides the three
usual geometric coordinates, phaseispace also has an additlionall
three zlong which mementum is plotted.
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. .Once we go beyond the limits of three-dimensional space to
_ @ system of N particles, we increase the number of dimensions to
6N, and thereby move from normal space to phase space. This phy—
sical-geometrical "“focus" can be used with success in studying
elementary particles. For this it is necessary to postulate, as
did first G. V. Vatagin, in 1943, and then E. Fermi in greater
detall, that in the case of particle production the phase volume
of a system of an arbitrary number of particles N is uniformly
populated with a density determined by the specific concéntratibn
of energy in the initial state of the colliding particles. The
energy density of this state can be determined by knowing the
total energy of the colliding particles in their c.m. system and

the strong interaction.

By using the idea of the uniform occupation of phase space,
Ferml was able to calculatezﬁiﬁohly the average energy of the .
particles (and, consequently, the temperature of the system at
the moment of disintegration), but also the number of created
particles and anti-particles of different mass.

'In the calculations of Ferml, another important fact was
taken into account. Accofding to the theory of relativity, any'
rapidly moving body 1s contracted in its longitudinal (in the
direction of motion) dimensions. The coefficient of this contrac—

.tion is equal te the Lorentz factor Yoo Thus, just before the

collision we have the situation schematically represented in Pig-.
ure 3la. After the collislon, both lens-shaped particles merge
into a "body" which is just as oblate, but now strongly heated up.
This object decays into individual free particles, which uni-
formly occupy all of the phase volume available.
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. With quantita- - . - =

:

~ tive compariscn with- g
experiment, the hy- ;
!

=T

pothesis of Vataginﬁ

Fermi suffered a

distinct failure. It ||

predicted tempera- b
tures that are too 1

high. The average i 7

energy of the parti- Figure 31. a) Initial state of the in-
teraction process between two hadrons
of the proton-pnti-proton type; b) the)
to be billiens of final state of the interaction process
of two hadrons of the proton-antiproton

type (Pomeranchuk model)

cleg was‘calcu}ated

electron-volts, and
this even increased
with l1ncreasing ini-
tial energy. As a result, probabilities that were too high were
obtained for the formation of pairs of heavy particles and anti-
particles (in particular, anti-protons).

In fact, the average energy of the created particles is
close to 0.5 GeV (billion eV). This corresponds to a temperature

12 degrees, or 108 eV in energy units®. The yield of

of "only" 10
K-mesons constitutes v 10% of the total number of particles. The
fundamental mass. of the created particles 1s the pion mass.
Therefore, the relation between‘the nt, -, and m° particles is
actually close to that expected (1 : 1 : 1), especially for a
large number of particles when the small initial charge of the

colliding particles is not important.

%
The feasibility of measuring temperature in units of energy is
related to the fact that temperature on the absolute scale of
Kelvin is proportional to the average particle energy.
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In the case of annihilation of stopped anti-particles with
_one of the protogépf a nucleus of the surrounding matter, all the
relations are found toe be more 51mple The total charge and all

" the. gquantum numbers of the resulting excited system are equal to
zero, tHe angular distribution of the particles in the lab system
is strictly isotropic, the number of particles and anti-particles
(in particular, 7mt and m—) are equal,. and the number of w°-mesons
is equal, on_the average, to the number of 7t or m~-mesons. This
is a classical case of a blob of strongly excited matter (but not
material!) which decays according to the laws. of statistics, some-
thing like a microscopic, instantly explodling ball lightning
(with the distinction that the heating up of the . blob is a result
of strong and not electromagnetic interactions¥®). Here again,
the average energy of the particles eguals 0.5 GeV, and their
average number is abeut 4, since the total mass of two annihilat-
ing pretons 1s about 1.9 GeV (in energy units). The "admixture"
of K-mescons in this case is n 5%, instead of 30% as predicted by
the method of Fermi.

In spite of the initial fallure, the simple model of Fermi
was subsequently found to be very fruitful. It prompted, in par-
ticular; the extension of many concepts of physics which, it
seemed, were sultable only for states of lafge numbers of mole-
cules of continuous media, to processes of transformation of ele-
mentary particles and, to a significant extent, even to processes
occurring within these particles. The concept of the temperature
of a system of creafed particles acquired a real physical sense.
The use of the 1awé‘of thermodynamics was also justified. The
point is that thermodynamics deals with the eguilibrium {(oxr i ...

Accordlng to the current conceptlon ball’ llghtnlng is a blob
of strongly heated plasma existing in a relatively stable state
(therée 1s a hypothesis which states that the stability is pro-
vided by the isolation .of the icns from one another by means of
complexes of water molecules).
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near-equilibrium) states of a system in which the energy is dis-

- _ tributed among many degrees of freedom. This is Jjust the situa-
tion in multiple particle production, especially in those cases
when a uniform distribution in phase volume is "allowed". 1Indeed,
the laws of thermodynamics, 1in particular, the law of the depend-

. ence of the energy density E eon the temperature T (Es:jTl/u), al- /88
lowed Fermi to more or less correctly predict the dependence of

the average number of created particles N on the energy of the
ineident particle fEL ('_N_e‘-u‘,‘[EL}\.

The Laws of Motion of the Meson "Fluid'" and
Transverse Momenta of Particles

Immediately after the publication of Fermi's work, the
Soviet theoretical physiclst I. Ya. Pomeranchuk discovered some
inconsistencies and even contradictions in Fermi's work. In fact,
"the conversion of all the energy of the celliding nucleons into
mesonic radiation eccupying the same volume as the nuclecons re-
quires a very stroeng, practically infinite inhibition In the con-
tinuous interaction of the nucleons. At the same time, the total
energy of the created particles 1is calculated as if they had in-
stantaneously been converted to free particles without having
been able to disperse. Meanwhile, it 1is known that mesons inter;
act with one another almost as strongly as nuclecns. Therefore,
an. Intermediate stage of the interactien, which is acﬁompanied by
mutual abserption and variation in the number of mesens, must
contiﬁue until they disperse to a distance r from one another ——
which is on %the order of two strong interaction distances, i.e.,

r v 2/uc, where p is the plon mass.
In this way, Pomeranchuk arrived at the assumption of the

existence of an intermediate stage of expansion and cooling of

the entire system (Figure 31b) to a temperature at which the
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average pion energy differs by only a small factor (v 3.5) from

_dts rest energy_(yq2); and is already insufficient for creating
new pions.

While considering Pomeranchuk's work (even before it was-
published)}, another prominent Soviet physicist, L. D. Landau,
turned his attention tc¢ stlill another important fact. In the
process of expansion of the blob of initlally condensed and
strongly overheated matter, which gilves off free mesons similar
to molecules of vapor from a boilling liguid, the individual parti-
cles must experience an acceleration due ta tﬁe effect of the
mutual pressure of the particles. Since the mean free path of
interaction of the particles in this blob . does not exceed the /90
distance between them, and since there is no regular spatial
struc@ure, it is logical to consider that the state of this mat-
ter is similar not to a gaseous, nor to a sceolid, but te a liquid
.state. Thus arose the idea of applying the laws developed at one
time ‘in hydrodynamics (the theory of moving fluids), in particu-
lar, the laws for the relativistic case when the vélocity of the
moving fluid is close to that of light. |

By performing a series of elegant and orderly mathematical
operations, Landau cbtained the basic features of the process of
multiple particle production at sufficiently high energies

(n 1032

guirement of "sufficiently high" energy essentially implies the

eV) from the hydrodynamic equations. This time, the re-

requirement of a sufficiently large number (if only about 10) of
created particles.

The theory of Landau evoked great interest because it pre-
dictéd in a totally natural manner the values of the transverse
(relative to the direction of motion of the colliding particles)

component of the momenta of the created particles. As the
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numerous studies of nuclear interactions in cosmic rays and then
on accelerators subsequently showed, the average transverse

" momentum of particles pu depends weakly on their mass, and is
almost independent of the condifions of formation. Thus, it
does not depend on the number of ereated particles, thé angle of
their dispersal, nor the energy of the initial particle. At the
same time, the simple statistical model predicted a quite notice-
able drop in pp with increase in multiplicity (Figure 32). The
physical principile behind the approach to constant or at least
essentially limited values of transverse momenta is, according
to the theory of Pomeranchuk-Landau, the constancy of that final
temperature at which the divergence of the created particles in

a free state occurs.

Specific distribution functions of transverse momenta (for
given values of longitudinal momenta) are shown in Figure 33. SR
They pertain to inferaction energies of about 20 GeV. This fune- |
tion first increases from zero to a maximum, the most probable
value, which is simply related to the increase in phase volunme,
i.e., the number of pdssible positions of the two-component vec-
tor of transverse mementum in space. After the maximum, there
occurs a rapld decrease according to the exponential'law charac-
teristic of the thermal motion of the particles. In this casé,
by selecting particles of higher longitudinal momenta, we also /91

~get higher transverse momenta (on the average). As 1s evident

from the figure, the theorylagrees quite well with experiment.

The fact that the value of the average transverse momenta
of the created particles 1s conétantAand usually lies in the re-
gion of 0.3 - 0.4 GeV/c, is of important methodological signi-
ficance for experimenters. This allows one, by measuring only
the angles 6 of emission of charged particles, to approximately
evaluate the total energy liberated in a given interaction by
the formuls:
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average transverse momentum j £ : ;
[ on the number of created R Y
particles (N) for 7-p inter- ot T L , L%q§y[gf
actlons at an energy of 16 S : ‘ -
Gev: Figure 33. Experimental dis-
T . tribution of transverse momen-
ﬂ-’—‘] — data of the Krakow group; . tum by for longitudinal mo-
1 — prediction of the multi- menta Wyl-= 0.2 GeV/c (a)‘and
peripheral mode; 2 — calcu- = 1.0 GeV/c (b) for mwtp-
lation based on the statisti- interactions at an energy of
cal model - 18:5 GeV compared to the Planck

distribution for a temperature
of 118 MeV (in energy units)

3
iE e —ij_cz cosec GL,}
in which the factor 3/2 takes into account the usually unobserved

ax at which one\
should look for the particles created with the mlnlmum energy

m®-mesons. If the question arises as to the\angle 8

Emin = 10 GeV, then by using the distribution funetion of trans-
verse momenta and selecting the region which contains 95% of the
partiéles, one can thereupon make use of the relation:

Iy P B ) . Lo

5i00 max = —-22% ~10.1, from which is obtained f,,, ~.6%
3 - min

Detailed measurements of the transverse mementa of particles

(including w®-mesons) have been carried out using boeth cosmic

rays and adcelerators for a wide range of Initial energies. The
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behavior of typical results is )

shown in Figure 34. The graph -
indicates the integral distri- En'ﬁ‘

bution of the square of the sl

& 0 '
~a

transverse momenta, i.e., the %?;
number of secondary charged £; 
particles (picns} having values ?fl _ N
of pi greater than the given 3?? @f‘§3' ;_,Efu_%fri?J;j

increasing initial energy, the bution of the quantity [r.3
transverse momenta increase and, (GeVg/cz):
consequently, also the tempera- W — number of particles

with square of transverse

ture of the meson fluid. The mementum greater than given

highest series of experimental value for different primary
points, which corresponds to energies Ey; + — B, < 6 GeV;
15 0 — EO > 103 GeV; IO — ED v
the enormous energy v 10 ev, lQénGeVJQ  The smooth curve
‘agrees very well with the ' represents a calculation
theoretical prediction. pased on the theory of Landau
for EO = 107 GeV

A second achlevement of
the hydrodynamic theory is the
explanation of the anisotropic (non-uniform) distribution of the
angles of divergence of the particles in the c.m. system. In
fact, the longitudinal compoenents of momehta, according to the
theory, depend, in contrast to the transver§e components, not
only on. thermal (i.e., chaotic), but also on directed motion pro-
duced by the pressure of the iniftial condensed state and subse- /92
quent expansidn of the blob of excited meson fluid. This eoccurs
as a result of the strong collision of the "flattened" initial
- particles and their "agglomeration”. This collective accelera-
tion leads to a preponderance of emission angles near 0° and 180°
over those near 90°. On a logarithmic scale of angles, this

phencmenon is reflected in a gradual broadening With‘increasing
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initial energy of the bell-shaped distribution which 1s close
to ;he Gaussian curve well-known t¢ physicists (Figure 35).

Soon after publication of the theory, the book's author,
Landau, and his colleagues succeeded in observing a rare event
with the aid of a photoemulsion: a a-particle of an energy of

about 1011"i

eV created 37 particles. In spite of the relatively
narrow opening angle, which is a reéﬁlt of the very high incldent
energy, of the stream of basically massive partiples (similar
events even received a special name: "jets"), they emerge in a
wide range of angles in agreement with thecretical expectations

(Figure 36).

The third prediction-had te do with the momentum distribu-
tion (spectrum) of the created pérticles. This distribution,
which is in good agreement with experiment (Figure 37), has the
appearance of a sharply falling curve, distinguished by a marked
predominance of particles of relatively low energy. It -is inter-
esting to obseprve that 1f, instead of plotting the momentum spec-
trum, one plots the distributien of the flux of energy carried
off by the secondary particles of different momenta, then this
. flux will only weakly depend on energy. '

‘A fourth prediction of the theory is the production of shock
waves in the mescon fluid. This is related to the fact that the

incident particles move. toward each other with a velocity signi-
ficantly in excess of the velocity of sound in the given medium.
A simlilar situation arises 1in the case of supersonic¢ Jjets which
sometimes produce the ioud noises resulting from shock waves
reaching the Earth. The theory requires that the shock wave,
moving in the meson fluld after a collision, be "splashed out"

in the form of a very small number (1 -~ 2} of "leading"™ particles, -

each one carrying off energy amounting to tens of percent of the
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initial energy. In the case shown in Figure 36, thls leading
particle is the neutral pion which initiates (after decaying into
two y-quanta) a powerfiul electron avalanche. This can be easily

Seen in photoemulsions, even with the unaided eye.

According to theory, a particle of any type, be it a proton,
a neutroen, or a ﬂ@meson of any charge, can become a leading par- -
ticle with equal probability. The probability of belng a "leader"
for each of these particles does not depend much on the nature of
the incident particles since in the process of expansion oflthe
"bolling" meson fluid each individual particle is agitated, and
1t is necessary to consider only the law of baryon conservaéion.
The theory imposes a-single constraint on the number of particles
heavier than the meson. This 1s related to the relatively low

temperature to which the meson fluid cools when expansion ceases.

The ﬁork‘of Landau, with its-vefy rigorous and detailed /9
calculations of the fundamental characteristiés of the process
of multiple‘meson production, initiated a lively response among
'pbysicists, especially theorists. First, the quéstion arose as
to why several results differed markedly from the predictiens of
another hydrodynamic model proposed by Helsenberg shortly before
Landau's, but which was not develéped in such detail. In parti-
cular, the number of created pions in Heisenberg's model was
larger and increased more raﬁidly with increasing incident energy
{(as root-three and not root-four of this energy). Finally, 1t
was successfully explained (by a young Soviet theoretician,
G. A. Milekhin) that the meson fluid with which Heisenberg "dealt"
in his model differed in a fuhdamental equatibﬁ of state, namely,

the relation between density and pressure. The result of this
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difference was the "transfer" of a large fraction of the incident
energy to the turbulent (vortex) motlon of the mescon fiuld, which

is characterlstlc of Helsenberg s model.

The next question which excited the theorists was. whether it
was necessary to expect a significant viscosity of the meson
fluid, which would be expressed in the process of ekpansion
(after the initial collision), and in the related guestion of
the ultimate number of created particles. 1If, in the calcula-
tions of Landau, which assume an ideal, completely nen-viscous
fluid, the number of particles increases as root-four of the en-
ergy, then the viscosity of the Heisenberg fluid favors a more
rapid (proportional to the fourth roof) increase of fthe multipli-
city with increasing energy. The form of the angular distribu-
tion of the created particles is also changed somewhat (but not
~ strongly)..

However, from the point of view of the experimenters, before
investigating in detail the behavior of the meson fluid, it 1is
necessary to flrst resolve a more fundamental problem. This con-
sists of whether one can generally disregard the strﬁcture'of the
colliding particlés, a structure which is so important in the in-
vestigation of the processes of few particle production. In fact,
the first stage of the process, considered from the hydredynamic
_ point of view, consists of the Fformation of a single strongly
interacting system in which all the energy of the colliding
‘hadrons is "placed". In other weords, it 1s proposed from the /96

very beginning to exclude all peripheral processes from considera-

tion and concentrate on the central cellision.
One way of approaching the soelution of -this problem consists

of studyling the form of fluctuations, in particular, the distri-
butien law of the deviation of the number of created particles
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+ from the mean at a given energy. And exactly in thié respect,

experiment is in sharp disagreement with the theoretical predic-
" tions. It was found that thé fluctuations are at least two times
greater than expected. This fact, in conjunction with the clear
successes of low multiplicity models in describing single parti-
cle exchange (especlially for not very high energies, up-to 10

GeV), gradually strengthened many physicists in the opinion that
the hydrodynamic approach, in particular, and the statistical

approach, in general, to the phenomena of multiple production of

particles is as far as ever from being plausible.

The annihilation of a nucleon with an anti-nucleon belongs
to that class of "classical" processes for which the statistical
approach describes the real-Situation well. The characteristics

of such a process will be discussed in detail in the next section.

Pondering how the applicability of statistical methods to
ahélysis of multiple production processes could be Justified,
~I. M, Dremin (FIAN) proeposed a simple method, which is, however, /97
tedious from the point of view of mathematical calculation. It
is based on the fact that partiéles, originating with the decay
of any common strongly interacting system, must always have the
possibility of exchanging large momenta among themselves., Sup-
pose we study the inelastic interaction of two nucleons. We will
consider the "mutual relatiens" of the secondary nucleons with
the remaining particles which originate in the total collision.
Consecutively grouplng the increasing number of mesons in dis-
tributions of their emission angles from primary to secondary
nucleons, we will calculate the square of the momentum (k?) each
time. -~This producés an entire group separate from the remaining
particles. 1In order that the caleulated result not depend on
the cholce of cooerdinate system; four-component vector quantities-

are censidered. The first three components are made up of the
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"real";momentum? and the fourth component is the energy. The re-

. sulting values of k° are.plotted along the ordinate,..and- on the.
abscissa,‘the'point proportional to the number of particles in

the group is marked off. The entire set of points in this fashion
from a given interactlon lie on a straight line. Data from pro-

cesses 1in which four or more charged pions are produced in nuclear

.
co

interactions at energies of ~ 20 GeV in photoemulsions are pleotted
on similar graphs (called Dreémin diagrams). It was found that in
different cases, a Dremin diagram looks different, but it is pos-

sible to designate five basic classes of interactions (Figure 38a).

., ' ;{Z
¢ 2_' - _ 'Z*-.”-" o
¢ A e A
o iy

3

Figure 38. a) Five éxperimentally observed types
of distributions of k2 (M. M. Chernyavskiy, FIAN):

k2 is expressed in GeV2/c2; ﬁ — number of parti-
cles combined inte a group;

b) Feynman diagrams corfesponding to these types
of ‘Interactlons

In the first class, the squares of the momenta kg, which are
transmitted to groups having any number of particles are largé;

in the second class, which is quite*gg;%'at these energles,

Kk° for individual nucleons is small (what one is concerned with

here is the momentum transmitted from the initial proton to the
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corresponding secondary one), but as the number of pions asso-

~clated with them increases;, the quantlty k2 passes through a gqulte
large maximum; in the third and fourth classes, a gradual decrease

of the momentum k2 is observed in proportion to the increasing
number of pions asscciated with one of the nucleons (or with each

one of them).

Finally, the fifth eclass, which 1s very commen, is charac-

terized by small transmitted momenta between groups consisting of

any number of particles: all values of k2 are significantly

smaller than the square of the nucleon mass (in units of momentum).

In Figure 38b, each class 1s represented, together with its
corregponding Feynman diagram. In the first case, a central in-
teraction occurs, l.e., the formation of a single excited system
of secondary-particles, which then decays according to the laws
of.the statistlical theory. Events of the secondary class have a
peripheral character for edch of the colliding particles, but in
colllsions of the virtual particles emitted by them, several new
subsystems are created which subsequently decay in the statisti-
cal fashion. The third and fourth classes represent collisions
accompanied by strong excitation of ene or two nucleons and their
subseguent decay.

Events of the fifth class are very similar to those pre-
dicted by the multipéripheral model, since all the values of k2
transmitted along the chain of virtual particles are of the order

of the square of the pion mass.
This, then, is a new approadh to explaining phenomena by

means of theoretical medels of a hybrid type which combines

specific féatures of both peripheral and central interactions.
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We-will discuss one model of this type in the next Chapter, but
now we return to the possibility of using the laws of thermo-

dynamics.

We have already discussed how the statistical theory is

~
O

based cn the idea that all regicns of the volume in the phase
space of particle coordinates and momenta, allowed by the con-
servation of enérgy,ware populated with equal prebability. The
- hormal geometric part of this volume V is given, in agreement
with the basic idea of Pomeranchuk, by:

V=N

where N is the number of created particles; and u .is the pion
mass. The physical significance of the factor 4uw/3 1s very
simple. It is the volume occupied by a single free particle
since the quantity i/pe is simply the radius of the strong inter-
action. Strictly speaking, this radius, determined by the uncer-
tainty relation of quantum‘mechanics, is known only to within a
factor on the order of 1, but from comparisons with experiment,
it follows that this factor can be taken equal to 1 with guite
goo& aceuracy.

In addition, we must realize that we are dealing not with
normal, but with Quantum statistics, for which a—particle of
each type is "assigned" a éell in phase space of velume k%) (the
factor = denotes the number of possible spin orientations, for

example, in the case of pions, g; = 3).

And finally, the third, decisive factor, which expresses the
very essence of the thermodynamic model, is represented. in the

simplest case by the factor:
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BT = 4/(eRT 1)

and determines the degree of occupancy of the cells in phase
Space by the created particles at a given particle energy E and
‘system temperature T (k 1s the Boltzmann constant). This factor
carriles a sign of plus or mlnus, a consequénce cf the fact that
all particles of the microworld can be divided into two basic
"types". For particles with integral spin (e.g., piens), the
plus sign is always used;. for particles with half-integral spin
(e.g., nucleons), the negative sign is always used. The physical’
significance of the factor f (E, T) is that by means of "contac?ﬂ
with a surrounding heat reservoir (i.e.; with other particles

and fields), a given particle can assume any energy E with a
probability depending on the energy of thermal motion of the

gpecific system.

The final expression for the number of particles of a given

type having a momentum p in the interval AP, is:
R T
BN = R VAp/(ET):

If the temperature is known, then by summing (or more precisely,
by integrating) this expression over momenta, one cbtains the
total number of c¢reated particles Ni and their total energy Ei'

If the temperature is not known, it is possible to determine 1t
approximately, éince we know from experiment that the prineipal
part of the energy of the entire system is shared by the parti-
cles of minimum mass, fthe plons. By disregarding the contribu-
tion of other particles and setting the energy of the pions equal
to the initial energy W, one can determine both the mean pion

E and the temperature T. They are equal tc 0.43 and 0.135 GeV,

respectively.
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In order to tranzform units of energy’into degrees Kelvin,
it is necessary to multiply the temperature values expressed in
- electron-volts by 11,600 degrees/eV. As a result, the thermo-
dynamic model predicts that the multiple producpion of particles

12

Should occur at a. characteristic témperature of 1.6 - 10 de-

grees (1.6 trillion degrees).

In order that the hydrodynamic effects, which are related to
the accelerating action of pressure and the presence of shock
waves in the meson fluid, appear in full degree, 1t 1s necessary.
©0 have a sufficiently high initial energy and many (not less
than 10) created. particles. Therefore, in-order to properly
test the thermodynamic process uncomplicated by the influence of
pressure, it is useful to turn to the "classical" example like
the annihilation of nucleons and anti-nucleons at a total energy
of not more than % - 6 GeV in the c.m. system. This is just the
région which has been studied in detaii with the aid of proton.
synchrotrens of the Dubna and CEEN types. In 15 experiments of
a simiiar type, the energy cof the created particles has been
measured, and it was found to be 0.41 GeV, on the average. This
agrees with the theoretical predictions to within an accuracy
of 5%.

But what happens in situations not so clear when the appli-

=
-
o
=

cabllity of the thermodynamic model is far from being evident?

In order to answer this question, one can utilize (as did E. L.
Feinberg recently in his detailed review) the data of nucleon-
nucleon interactiens at an initial energy of 10 GeV and higher,
and pion-nucleon interactions at energies > 4.5 GeV. The average
energy of the created pions was found to be 0.46 GeV in the first
case, and 0.54 GeV' in the second. It is suspected that the ex-
cess of these values over the predictions of the thermodynamic

model 1is related fo the "j.mpuri’1:_‘.5("r of the particles -created in
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peripheral channels. The dlagrams 1, 3, 4, and 5 in Figure 38b
give a schematic representation of the characteristics of these
channels. - - o

The situation is more complicated in comparing the average
number of created particles ‘_'I'ia_tﬁé}ﬂﬁl’liél’i the average energy. In t_hlg\

case, one has to take into account the fact that the "leading"
secondary particles, which do not participate in the thermoedynamic
equilibrium, carry off a significant part of the initial energy.
IT we assume that this fraction is 60%, we can achieve approxi-
mate agreement of the thermodynamic model with experiment. The
number of charged piens created in nucleon-nucleon collisions at
energies of 20 - 30 GeV is about 4, on the average.

At higher energles of the colliding particles (on the order
of 100 GeV and higher), net even a rough calculation of the peri-
pheral "channels™" helps: the average energy of the created parti-
cles (relative to the c.m. system) begins to steadily increase
in clear contradlction te thermodynamics. The hydrodynamic model
explains this increase by saying that the pressure of the expand-
ing meson fluid leads to a distinct collective acceleration of

the particles in the direction of the collision axis.

Is 1t possible to improve agreement with experiment within
the framework of thermodynamics alone? Two attempts in this i . i
direction have been undertaken by physicists.

The first attempt was to intrOduce in a purely formal manner
two temperatures — a transverse and a longitudinal — so that
- the longitudinal one would somehow account for the influence of
collective acceleration. It was found that at energiles on the
order of 200 - 500 GeV, it was sufficient to increase- the equi-~.
valent longitudinal temperature by a factor of 1.5 - 2 relative
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to the transverse in eorder to obtain all the momentum and angle
characteristics of the created particles (in their mutual c.m.

The second, more complex attempt was made by the Swiss R.
Hagedorn and his school. They tock into coﬁsideration not one,
but an infinite number of excitedfsubsystems;‘which decay accord-
ing to the laws of thefmodynamics (Figure 39). The masses of
these subsystems can be differ-

ent: beginning with one pion % KRR - (,~\ 
mass and increasing to the - Hoa - YA XA
N R .
maximum possible, consistent o sy T
'th t i ll' i il 2’21’_/ ;\_} V :
wi he glven collision energy. . Al S S AT
In addition, they assumed that i S —‘“iiyj-' ]
. b . e R
the number of possible states | ZQ?;<§4ua(rtr;%‘ |
(and corresponding masses) be- g'_ k*xjjiﬁﬁ
came larger and larger as the 1 /fé:?L__ég,%a-
i i - 1 I G e -
mass increased. This assump i \o /o B
tion is quite natural: first, l — =
it agrees with the rapid in- - Figure 39. Schematic dia-

crease in the number of known gram of the Hagedorn model:

resonances in propoertion to P> Pp —— momenta of the col-

the transition to the region-of 1iding particles; vi, Y,

. , etc. — Lorentz factors of
heavier particles; and, second, , the disintegrating excited
if each subsystem is considered subsystems in the common

s center-of-mass
as a "set" of pions, the num- system

ber of possible variations of

the set must quickly increase as the number of "members" increases.

The second, essential feature of Hagedorn's model is that
for each subsystem, the increase of the energy density of the
internal motion- (as a.result of excitations) parallels the de-

crease in veloclity of the system as a whele. Between the initial - /103
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- (before the collision) and : g

final (immediately before the 100 ¢
“decay) energy density E of the . |
Subsystem satisfies the rela-
tions

Faro =

Where Yo and y' are the corre-

sponding values of the Lorentg

factor [remember that y =

h[V&};(w&ﬂﬂ- Thus, the closer

to the collision center (point Y R I R '
, - B/ AN/ ¥ SR N 34
0 in Figure 39), the larger P .ga.““ xS 8

the fraction of the initial Figure A40. Experimental

kinetic energy of relative mo- distributions of relative
longitudinal momenta X (for

tion of the two "pleces" of :
‘ various transverse momenta

matter that 1s transformed to #i)) from the colliding beam
excitation energy or, in other accelerator. (CERN), and. a

* ne_gy.‘ ? comparison to the calcula-
words, te heat. In order to . tions eof the Hagedorn model
quantitatively estimate the (solid lines)

effect of this energy transfor—

mation, a. . distribution function of the subsystem i1s infroduced.

This is a function F (y)} eof the Lorentz factor, and the form of

this function 1s determined by ﬁhe "fit" to eiperiment."One of

the difficultles of the model is that, in order to correctly pre- /104
dict the momenta and angles of the secondary particles emitted, -
it 1s necessary to introduce a specific function F for each type

of particle. In particular, these functions have a'completely
different form for nucleonsland pions. In this roundabout way,

the structure of the colliding particles is taken into account,

as .are,. in part, the peripheral characteristies of the . .interac-.

“tien. The complexity of the model 1% increased by the fact
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that each of these functions F appears to be dependent&ggxthe

initial energy.

As shown in Figure 40, the model of Hagedorn describes the
basic momentum characteristics of the created particles (in parti-
' cular, the pion) fairly well up to energies of the colliding

particles on the order of 1012

eV.: Nevertheless, on the whole,
this model evokes a feeling of dissatisfaction as a result of a
lack of rigorous and consistent structural logic. True, the very
idea of forming many excited.subsystems (they were given. the
special name "Tireballs") is not very new (this will be discussed
in the next Chapter). But the mathematical functions which de-
scribe the characteristics of the intermediate subsystems, the
fireballs, are artificially introduced, irrespecti&e of any re-
lation to the laws of thermodynamics, to which the decay stage

of the fireballs is subjected. The model produced 1s bullf .on
-thermodynamics, as physicists sometimes say 1in jest, with the
hands instead of %ith the head, i.e., by means of "fitting" the
experimeht, and mainly by intreducing a formal mathematical de-
scription, unrelated organically to nature and to observed

physicaluobjects.
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CHAPTER 6. DO FIREBALLS REALLY EXISTZ?

Does "Ball Lightning" Really Appear in

Cosmic Rays?

The simplest method of detecting a process of multiple

particle production at high energiés (1012 eV and higher) is fto
carry stacks of photoemulsion plates by baliocon to altiftudes of

about 30 km in the stratosphere and expose them there to primary

cosmic rays. Even with photoemulsion:volumes of 2 - 4 liters,
it is possible to find many tracks of such processes after

developing and careful scanning with a microscope.

Three methods of selecting interactions of sufficiently high
energy have been known for a long time. The first is to select
the narrowly diverging bundles of particles, the "jets", for
‘which the estimate of energy is based on determlning the opening
angle of the cone (61/2) which subtends half of all the narrow

tracks., It has already been noted that this angle is very simply.

related to the Lorentz factor of the c.m. system of the colliding
particles (YC Y 1/81/2), and angles ©
2

- [s]
1/2 N2 3. correspond to

initial energies of ~ lDl eV. The second methed is to find
(with suitable skill, even with the unaided eye) dense bunches of
almost parallel particles which originate in the photoemulsion as
a result of the development of electron avalanches, probably
initiated by one secondary w°-meson of an energy on the order of

1012 eV. And finally, one can look for events of heavy . nucleus

preakup into individual nucleons. They can easily be distin-

guished from new particle creation. By tracing then the tracks
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of.nuclear fragments (protons, sometime a-particles) .along a path
of each about 5 cm in length, it is possible to find secondary
" interactions. In this case, one can estimate the eénergy of all
particles originating in the secondary interaction by the angles
of divergence at the point of breakup of the inifial nucleons.
Thls phenomenon is somewhat like a miniature, very low power,
natural accelerator which puts at the disposal of physicists a
beam of 12 - 16 and occasionally mofe particles (protons and

Ebgaﬁpons) of usually a single, approximately known energy.

As early as 15 years ago, a group of Polish physicilsts from /106
Krakow, under the leadership of M. Ya. Mensovitch, was the first
to successfully use the second, and then the third method. Care-
ful measurements of emission angles of particles in nucleon in-

teractions at energies of ~ lO12 eV led these scientists to a

striking result. The angular distributions of the created parti-
clegs, plotted on a 1ogérithmic scale of the tangent [log (tan.aiﬂu
nad, as a rule, a characteristic double-peaked form (Flgure Mla);
The pattern of the process looked as if the created particles

were split into two roughly egual groups, each dispersing 1so-
tropically in-its c.m. system. ﬁﬁ%ﬁl by using the law of approxi-
mate conservation of ftransverse momentum, thej were able to as-
certain that the initial particle, which remains after the inter-
action, moves more rapidly than all others of the group. From /107
this conclusion, it followed that interactions a.high energy pro-
ceed by the formation of two blobs of some kind of strongly ex-
cited matter which decays praétically instantaneously into 5 - 8-

charged and probably 3 - 4 neutral pions (Figure 41b).

‘What is the nature of these blobs? If we again use an
estimate of the value of the transverse momentum, then we find
that each charged particle needs an energy of about 0.5  GeV-when.
the bleb decays. This is the same energy which was mentioned in

120



T n .

S

M ! L :H
LTE-e -3 -2 - 0o P
Log (tan 8)

a : b

FPigure 41. a) Angular distribution of particles in the
combined shower which consists of 54 geparate interac-.
ticns at nearly the same energy. The dashed line corre-
sponds to the angle Gc = 90°® in the c.m. system (data.

of K. Rybitskly and V. Vol'ter);

b) Interpretation of the angular distribution with a
"dip" near GC = 90“ in the two fireball model:
* %
Nl’ N2.
balls. The long double arrcws are proportional to the
correspondlng Lorentz factors

— nucleons after the interaction; &* — fire-

connection with the previous decay concerning the thermodynamic
theory of the process of multipie particle production. In anal-
Oy to ball lighﬁning, Mensovitcéh and his colleagues called the
unstable blob of incandescent plasma, which they discovered in
1958, and which explodes soon after formation, a fireball. This
same term was propesed independently by Poliash physicists and
others, in particular, the Italian G. Cocconi and the Japanese
K. Niu.

In spite of being unusual, the hypothesis of Mensovitch and
his colleagues, who did not penetrate particularly deeply into |
the thicket of theoretical physics, is attractive because of its
simplicity and heuristic value. It allowed a description of the
most characteristic features of the phenomenon of multiple
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particle production, in particular, its angular and energy dls-

tributions: the boundedness of the fransverse momenta; the transi-
" tion from an isotropic angular distribution of the particles at
low energles (when there is sufflcient energy for only one fire-~
ball) to one that is anisotroplc, being drawn out along the col-
lision axis at high energiesj fthe observable, but nevertheless not
very great excess (on the aVerage) of the longitudinal components
of momenta over the transverse; and, finally, the existence of
leading particles, nucleons which seem to have been "torn out" of
the meson "porridge". .

As the subsequent experiments of N. A. Bobrotin, S. A.

" Slavatinskiy and colleagues in the Pamirs showed, only one fire-
ball as a rule 1s formed at energles on the order of 100 GeV.
However, in order to properly "manage" the study of even one fire-
ball, a wvery substantial apparatus-is. required, coﬁsistingiof a
&aygé ¢loud chamber, an. impressively heavy calorimeter made up of
lonization chambers,'and a huge electromagnet to produce a power-
ful field within the cloud chamber. Co

After many years of collecting and | 20— . L #

by

g

processing the experlimental datd,

which consist (alas!) of only sev-

| :
o | N -
eral tens of events at various @ Lo

i

energies, the following results

were obtained (Figure 42). ﬁ > , . —_—

. H L 1 -
# a5 w45 20p5GeV/e
. L L e e 57}

[ oY

In the c.m. system of the

fireball, the momenta of the parti- Figure 42. Momentum dis-
: tribution of particles of
: the c.m. system of the
tively charged) are distributed fireball (broken line) and
‘ correspending prediction
‘ of thermodynamic distribu-
Planck's Law, which is predicted tion of Planck (smooth.. .
line)., Data of N. A. De-
brotin et al. (FIAN)

cles (both positively and nega-
almost exactly according to.

by thermodynamics for particle
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-radiation at thermal equilibrium. The word "almost" signifies
~ that the distribution in fact has a small extra "tail" of too
large momenta. - ' '

The last fact, however, did not confuse the experimenters
very much. The point is that a nucleon coming off the fireball
can experience, so0 to speak,. a strong "shock" and be excited to
one or another.resonance state, an isobar. By sorting through
the characteristics of the known resonances, it 3is not difficult
to find among them what is needed to explain the momentum and,
at the same time, the angular distribution of the particles in
the "tail". The behavior of. the slower particles, in particular,
is explained. They are related to the excitation of the target
nuecleons.

The schematic diagram of fireball formation shown in Figure
41b differs noticeably from the predictions of the multi-peri-
pheral model (Figure 23b). It gives merely a gqualitative ex-
planaticon of the process and does not enter into the details.
This is related to the unavoldably approximate cqsmic ray experi-
mental data, which are limited in number. As a result, the tra-
ditional skepticism of physicists associated with accelerators in
their work overcame from the very beginning the urge to pﬁépefly
verify, prove, or refute the fireball model, which, in their
opinion, is not all toe rigorous.

Unfortunately, up to 1970, the energy limit of experiments

/109

on proton accelerators did not rise higher than 30 GeV; and de%‘n;Jf

talled studies using ion beamsimﬂg%usually limited to energies
of at most 16 GeV, since the intensity of these beams decreases
guite sharply with further increases in energy. Hewe?er, even
at an energy of 16 GeV (about 5.5 GeV in the ¢c.m. system.of the
colliding particles), one can count on forming a cosmic firéball

since its mean rest energy must at most be about 3 GeV;

123



. Furthermore, the experimenters first of all turned their
attention to multiple production processes of a small number of
“particles (up to H), whHich, as a rule, fit well in thée scheme of
peripheral interacticns of the quasi—two particle type, and give
more valuablé information on the characteristies of wvarious

resonances.

Only‘in the last 5 - 7 years, when -the table of known reson-
ances grew to enormous proportions and. prineipally new ideas con-
cernlng the explanation of their interrelationships did net ap-
pear, interest in many-particle reactions increased. It was
natural, in the first place, to use a model diametrically opposed
to the peripheral-statistical model wilth uniform (or more pre-
cisely, statistically weighted) distributlons of particles in the

phase volume,

It became clear qulte soon, however, that a purely statisti-
cal model is not suitable; in particular, it does not work for
moét T~ -mesch interactions. “Thenh it was remembered that the dis-
tribution of particles in a cell of phase volume is only a first
approximation, which is, generally speaking, optimal. According

to the quantum theory of probability, the presence of a particle

in one or another part of the "allowed" phase volume is.determined

not only by the statistical weight, but also by a specific quan-

tity which 1s formed according to definite rules from the wave

functions of the initial and final states of the system, and from

a linear operator representing the characteristics of the stfong
interaction. This guantity is called the matrix element of the
'interaction. Since a rigorous théory of the strong interactions
still does not exist, one merely makes a more or less reasonable

- guess as to the form of this matrix element.

The simplest guess 1s that the matrix element 1s a simple

function of the momentum lost by the proton in the process of
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the wp-interaction. This
guess turned out to be
very successful. If was
found (Figure #43) that the
apprepriate fuﬁction F,
which rapidly decreases
with increasing momentum,
complements the statis-
tical modél gquite well for
processes of formation gf
the most various number. of
particles 1in mp-interac-
tions at energies of 8 and
16 GeV.

Moreover, this func-
tion has roughly the same
"wole-like" form as in
the case of purely peri-
pheral processes, includ-

ing the elastic ones.

F dyn
1" 50

: R E
o 20 480 69 &pc | .-,
T
Figure 43. Momentum distributions
of the recoil protons in the infer-

actions mtp » p3nt2n~ at an energy
of 8§ GeV:

a — directly observed T

| exp’ b=
dynamical factor den’ obtained .
from the observed number of events

in the corresponding phase space
volume

This form reflects the characteristics of the propagator of the

interaction, the existence cof which (as we have already discussed

in Chapter 4) is intimately connected with the transfer of vir-

tual particles, and ensures an increase in the amplitude of the

process as the magnitude. of the momentum transferred approaches /111

the "non-physical™ poeint corresponding to the mass of the real

particle.

A detailed analysis of the experimental data leads to the.

fellowing conclusion: in the process of multiple particle pro-

duction in mp-interactions (at least at an energy of 8 GeV), a .

subsystem 1s formed which decays according to the laws of "pure

125



Statistics™ into 1ndividual pions. Moreover, there is a separate
leading particle, the proeton, the recoil of which determines the

~ form factor of the subsystem. It was found that the plon statis-
tical subsystem (sometimes called a cluster, i.e., a blob of.
particles) is net very different from the already known firebalil.
Only the value of the average mass of the former is less. One

can think of this cluster as if it were an "undeveloped" fireball.
For 15 years now, the fierce arguments of the physiéists concern-
ing the nature of the fireball, the strange "ballJIightning" glow-

ing at a temperature of a trillion degrees, have not died down.

It locks as if the fireball is an objéct whose mass {even
on the average), in contrast to the heavy rescnances, 1is variable
and-depends on the conditions of formation. Consequently, the
"cursed question" arises with all acuteness: what is.a fireball?
Since the solution of this mystery has engaged physicists for a
long time and with great enthusiasm, we must once again digress
into the area or rather abstract concepts and structure of

quantum mechanics.

Multi-Peripheral Collisions and the Creation
of Fireballs '

In Chapters 2 and 4, we have already discussed several of
the more common concepts and methods of the quantum theory of

strong interactions at high energies. To this pértains, in parti-

cular, the energy and momentum (t or kg) quadratic quantities,
the propagator function of virtual particles, which characterizes
the dynamics of the interaction precess, the amplitude of the
process itself, the crossing symmetries between the amplitudes of
annihilation processes (s—éhannel) and scattering processes (t-
channel), and finally the profound internal relation between the

processes of elastic scattering and the multiple production of
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hadrons. During the last 5 - 7 years at the P. N. Lebedev Physl-
cal Institute, an original approach to the preblem of multi-
 peripheral interactiens was worked out by I. M. Dremin, I. I.
Roizen, D. S. Chernavskiy, and colleagues. This approach 1ls re-
lated to an attempt to separate the contributions of two extreme
classes to the multi-peripheral process. Un one hand, these are
the especlally perlpheral processes determined by the emlsslon of
only one virtual pien (in the case of elastic scattering, two
pions), and, on the other, non-peripheral {(central) collisions of-
. partiéles including virtual ones. In the process of solving the
problems, an infinite array of sumbolical diggrams of the Feyn-
man type were obtained. Then it was shown that for specific,

not very high values of lncident energy, which are attainable in
current cosmic ray research and in studies using accelerators -

(up to lOl‘2

terms. Ih particular, for proton-proton interactiens at an energy

eV), this array can be limited to a small number of

of--200 GeV, the four diagrams shown In Figure 44 are. found to be
decisive. "The small squares in the upper and lower vertices in
these diagrams correspond to the process of excitation of the col-
ilding nucleons to an isobar state (with the subsequent decay

inte 2 - 3 particles), and the large sguare in the middle corre-
spends te the process of formation of a heavy cluster (a type of
fireball), which again rapidly decays into individual particles,‘
in this case, pions.

In this specific example, the problem was solved completely,
first by calculating the angular and momentum distributions of
all the secondary particles, and‘then by artificially distorting
these on the bases of the real conditions, the limitation of the
apparatus and the measurement errors. By this method, A. M. )
Lebedev and S. A. Slavatinskly succeeded in producing an imita-
tion of multiple production at a rate of 5 - 10 events per nminute
with the aid of an IBM M-220 computer, and demonstrating complete
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agreement of the

basic characteristics
- of these events with
experinmental studiles

of the same group of

processes in cosmic

¥R

rays.

Figure 44. A new variation of the
multi-peripheral interaction of two
nucleons (N} 1s represented symboll-
eral exposition, the cally by the sum of diagrams, which
take Into account the exchange of vir--
tual m-mesons, the excitation of nu-
model here makes a cleons to isobar states (the small
squares ), and the formation of a fire-
ball. (the large squares) with the sub-
predictions of the sequent decay of the isohars and fire-
ball

In a more gen-— -
multi-peripheral
series of significant

number of intermedi-
ate structures pro-
duced, fireballs, and of their mass. In'particular; 1t Was de-
' termined that the number of created fireballs is proportional to
the logarithm of the energy. The same theory also predicts a
logarithmic law of increase of the total number of created parti-

cles with increasing energy.

Incidentally, the theory also predicts that the mass of the
fireball is proportional to the number of particles into which
it decays. On the average, this mass is about 3 GeV (in energy
units), and this corresponds to a decay inte 6 - 7 pions, on the
average. From one event to another, the mass of the fireball
can fluctuate abouf this mean value. 1In addition, even the aver-
age value 1itselfl can grow with iIncreasing incident energy until
it is no longer "profitable" (from the point of view of the pos-
sibility of fi1lling the phase space) to increase the mass of the

fireballs or their number.
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What is this puzzling object, the fireball, from the point
of view of the model discussed here? By dnalyzing the situation
~in its entirety, the authors of the model arriveé at the conclu-
sion that this strongly excited, unstable system obeys the laws
of classical and not quantum physics. The fireball is not a
resonance with a fixed average mass and a specific set of quantum
numbers, as 1s characteristic of resonances. Each fireball has a
rather ill-defined value of spin, and this may result in a some-
what (though surely not large) anisotropy of the angular distri-
bution of particles (picns) into which it decays.

Furthermore, the anisotropy of the particles emerging after
the decay of‘the fireball can be treated on the basis of the
hydrcodynamic model by restricting its area of application to
virtual particle ceollisions, and thereby combining the stpuctural
{peripheral} approach with the statistical. An important guality
of the multi-peripheral model of Cherﬁevskiy—Roizen—Dremin is
that, while tfeating multiple particle production, it simultane-
ously examines the characteristics of elastic scattering, which
QQQClosely related te 1t, and also makes a series‘df impertant .
predictions in this area. One of the predictions which agrees
very well with experiment is the energy dependence of the cone of
opening angles, within which particles are emitted in elastic
- scattering. A series of other predictions (also in agreement
with experiment ) concerns the‘basic characteristics of'Regge
trajectories for the most important virtual particles, and the
processes of the elastic (or almost elastic) type which are
dependent on them.

Nevertheless, a decisive test of the fireball model appeared
in advance. In order to understand what is meant here, let us

consider the main arguments of the opponents of this model. They
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maintain that the basic featur@%of the process of multiple parti-
cle production are detérmined by at most two faets: first, the

- limited transverse momenta acquired by all the partiéles as a re-
sult of the strong interaction; second, the isolation in ehergy

of the emitted particles (nucleons, in particular) or, which is
the same thing, their limited loss of momentum (in the four-dimen-

sional form).

In fact, only when the longitudinal momenta. available for
creating additional particles becomeflsignificantly (1f only 3 =~
5 times) greater than the transverse, can the "demarcation", which
is characteristic of the fireball model, of the strongly excited

cluster of particles be expressed in no .less than two indepﬁpij
' é;ﬁigﬂdecaying particles. The same peculiarity appeared in the
observations of the Polish physidisté'in"the form of a "dip" in

the angular distribution of particles for angles near 90° (in the

c.m. system). However, the data.obtained from cosmic ray experi-

ments are in need of serious verification for'sevefal reasons,

in particular, because of the paucity of observations and the /116

complex state of the target (photoemulsion nuclei with the addi-.

tional selectlon of quasi-free nucleons).

A decisive verification of the cosmic ray data began in 1970,
after intersecting beam accelerators started operation at CERN
(Geneva). The CERN accelerator allowed the acceleration of pro-
tons of energies of 15 - 30 GeV, the storage of the beam in
special rings, and then the collision of the beams at the places
of intersectien of the rings (Figure 45). Such an experimental
arrangement has an important advantage over normal accelerators.
In thils case, practically all the énergy of the colliding parti-
cles can be expended "usefully" in creating new particles, since
it is not necessary to provide for the cong=srvation of a large
initial‘momentum. In this situation, the_gain:in energy 1is signi-
- ficant, a factor of 30 - 60, because the total energy W_ in the
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c.m. system in the
case of a stationary
target is related

to the energy of

the incident parti-
cle energy and the
mass of the target

M by the relation
We=V2EJ/M . 1In

addition, the ex-
perimenter, almost
from the very be-
ginning, carries out
his observations
practically in the
c.m. system of the
colliding particles.
This fact allows
him to measure the
angles and the mo-
menta of the parti-
cles independently

of one another

(moreover, these

angles are large, Figure 45. The intersecting rings with
their stored colliding beams of high

Sl eltlge el SR energy protons (CERN)

small, compared to

normal accelerators.

Polish physicists (G. Gerulya and colleagues) exposed nuclear
emulsions in the Immediate vicinity of an inftersection point of
the beams. At -first the result agreed well with cosmie ray data:
for angles close to 90°, there was in fact a significant "dip"

in the angular distribution.
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-~ ..However, it subseguently became evident that there was a.

disappeinting misunderstanding. The secondary particles enroute

from the accelerator to the stack of photoemulstons traversed a -

quite massive iron structure. The w°-mesons, each decaying into

two yv-quanta, succeeded in creating an electron avalanche in the

iron. The strength of this avalanche Eﬂpreased with decreasing

m° emission angle because of the increase in energy.

After removing these obstacles, the measurements were re-

peated, not only with photoemulsicns, but also with the aid of

counters. The results obtained (Fig-

ure 46) turned out to be a surprise
— pleasant for the opponents and
unpleasant for the proponents of the
fireball model. The angﬁlar distri-
bution of the particles, plotted on
_the rapidity scale n = 1ln (tan

| 05/2) (Gé,is the angle in the c.m.

system), has the form of a wide,
flat "plateau", without any hint of

a "dip" near 950°.

Does the absence of a dip in
the angular distribution signify a
failure of the entire two~fireball

model? The answer of this "tricky"

Figure 46. Angular dis-

tribution of secondary

(charged) particles ob-

tained on the intersect-

ing beam accelerator at

an energy of* 30 (dashes)
and 52 GeV {CERN)

question is far from being obvious, since the predicted dip in

angle can, but does not necessarily have to be, a direct conse-

quence- of the fireball model. Indeed, the averaging of results

of many interactions leads to a smoothing out of the dip, due

to a difference in the veloecity of moticn of each of the two .

fireballs. "Besides, the fact that sometimes only ‘one firebhgll -

may be created, leading to a surplus of particles near 90°, faci-

litates a "washing out" of the dip.
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One of the deficiencies of lcolliding beam machines is the\iimA

possibllity of direct ocbservation of interactlon processes by
A usihg detectors which show the particle tracks. There is also
the related difficulty of the simultanecus registration of all
the products of each colliding particle.

There exists a simple method of by-passing these difficulties
which 1s related to the study of correlations. In the vieinity
of an intersection point of two celliding accelerator beams (see
Figure 45), we place a counter which registers chérged particles

leaving at an angle of 6, = 90° to the collision axis. We put a

1
second counter in ceoincidence with the other, the position of
which (angle 82) can be changed from one experiment fo the next,

and which will measure the probability of simultaneous emission

of two partieles (in particular, a charged particle and a y- /118

quantum) as a function of the difference in angles, or better,
the difference in rapidities. If gll interactidns occur singly
and  the interaction is described by the ?ladder“ diagram of the
multi~-peripheral model, then the direction of emission of one of
the particles "feels" only its nearest neighbor on the "ladder".
The angles of emission of all the other particles will be deter-
mined by the laws of chance, and this means that the probability

of coincidence of the angles 81 and 62 should be equal to the

product of the probability of emission of any two particles at
angles el and 82. If one determines the correlation coefficient

R, which 1is proportional to the difference of the palr proba-
bility W (61,-82) and the product of single probabllities W (81) .

W (82), then for a sufficiently large (roughly 10 times) différ-

~ence in the angles 61 and 82 it should be zero, and when these
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angles are equal, 1t should be relatively small. . It is said in
this case that the correlations are small and have a '"short

“range" character.®

We now assume that, in fact, a fireball varlation of the

'mul@;—perlpheral model occurs in nature\ This is described by

the set of diagrams shown in Figure 44. Then the occurrence of

a central fireball (the second diagram from the left) will signi- /119
A ficantly increase the probability of emission of. a second particle
at an angle 62 near 90°%, and inversely, will decrease the proba-

bility of angles 82 far from 90°. The correlation coefficient

'significantly increases (approaches 1) near 90°, and passes into
the region of negative values far from 90°.

Experiment sheowed (Figure p o

b7) that approximately such a 4
pattern of large and "long | .|
range" correlatiens actually %

oceurs. Afraid of abusing ;

et

the two-firebzall model in its

“:he

simplest form, sclentists Ty TR Y 7,

conslider that the correlation

Figure 47. Angular correla-

tion between emitted charged

particles and y-quanta in the

interaction of COllldlng pro—

‘ ton beams at energyipf“15 GeV .

particles in the process of On-the vertical axis, the =

correlation coefficient R is

. plotted with rapidity on
tion. o ~the ‘herizontal

data indicate. a tendency of
formation of some kind of

massive glob ("cluster") of

mult;pie particle produc-

*The concept of "short" or "long range" correlations are deter-
mined by the maximum spacing on the scale of rapidity. for which
the. correlation coefficient is net equal to zero, and, conse-_
quently, the emilssion of one particle s£ill 1nf1uences the
emission of the other. 7
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Way -Are. Heavy Fireballs Necessary?

In order to judge to what degree the claim that one or an- -
k;&@;gg& the phenomencn of multlple particle productlon, not only
is detailed information concerning the phenomenon in several en-
ergy regions important, but dlso the possibility of ineluding a
sufficiently wide range of energies. If the first condition can
be satisfied only by means of experiments on accelerators, then ‘
in pursuit of ever higher energies, it is necessérj to "hunt"
for cosmic rays.

No less important is the cholce of the detection method.

In the case in which the energy of the initilal particle exéeeds

1012 eV, it is necessary above  all. to consider a detector with

high spatial resolution, since the emlssioen angles of the fastest
-Seéondary particles are ca}culated in thousandths of radlans,
or in units of minufes of arc.

Therefore, it is not surprising that photeoemulsion technoi—
ogy with its unique resclution invariably attracts the attenfion
of the cosmic ray physicist who is interested in particles of
maximum energy, in spite of the fact that with increasing energy
the particle flux swiftly decreases., But in this case the "fatal"
question always arises: how is 1t verified that the energy is,
in fact, high, and how are high energy events separated from the

enormous number of background events of low energy interactions.

The simplest methed of searching for and studying high

energy (> 1013

.emu151ons at a high altitude, where the high energy prlmary o - /120

eV) events is to expose a multi-liter stack of

particle is not degraded by absorption in the Earth's atmosphere,
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- and to "rummage" at random through the whole volume of the stack
in search of interesting-eﬁents. In this case, an indirect esti-
'mate of the energy based on the angular distribution of the parti-.
¢les and the approximate conservation of transverse momentum

i1s used.

In-1961, this very method led the author, M. I. Tret'yakov,
and his colleagues to the observation of a very unusual inter-

" action with the emission of 5 slow and 40 fast charged particles.

An analysis of the emission of the fast particles (which
produced intermittent tracks in the emulsion) allowed one to ob-
tain the following estimate of the total energy released:

. - ) - . 1 . N :‘—g -
_Eo = 1f5pl2_mT""". 1;5‘) LT_eﬁV]

(1 TeV = 1012 ev).

The angular distribution of the particles 1is distinct from
the majority of events in that the angles are confined to a small
angular interval (3/4 of all particles lie in the interval 10" -
1), and correspond to a practically isotrople distribution of

at least 38 particles in thelr common c.m.:system,

There arcose the assumption that, in this case, an anomolously
heavy fireball of mass no less than 20 GeV was formed, since for'
an isotropic distribution and a nermal value of fhe average
transverse momentum of each particle, an energy of about 0.5

GeV 1is necessary.

By means of a subsequent, detailed analysis of the structure

of the angular distribution, the authors came to the conclusion

thdt, in faet, four "normal" fireballs could have been formed. " = 3
3

Theilr angular distributions, however, were disterted by the large -
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. transverse momenta received
by each fireball as a whole.
" The idea of the cascade
character was consldered as
8 poessible reason for the

- origin of such momenta: at
first a heavy fireball could
have arisen, which then de<)
cayed inte several "normal®
ones. These in turn de-.
cayed into separate plens..
Incidentally, a similar
hypothesis of formation and
cascade decay of the fire-
balls is reminiscent of the
Hagedorn school,

Great significance
obviously cannot be attached
to a single case of observa-
tion of an 1sc¢tropic angular

distribution if no new ob-

servations are made pertain-

ing to significantly higher
energies. When physicists

realized the impossibility

of progressing further with normal photoemulsion:
for short times (30 - 40 hours) into the stratosphere,
widely general technigue arose.
photoemulsion chambers on high mountains.

form of an enormous "

and lgad

©camera was set up on MG.
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Figure 48. One of the variations

of the large photoemulsion cam-:

erags for study of nuclear inter-

actions at extremely high ener-
gies in the atmosphere:

1 — upper camera {(detector of

electrons e and photons y.which. .

originate in the air); 2 — gen-
erator of secondary i and vy;

3 -— lower camera (detector of
secondary e and yv). The dashed
line indicates a. nuclear inter-
action; the solid line — the

trajectory of the nuclear active

particle; the dotted lines —
the electrons and photons. The:
Chacal-
taya (Bolivia) in 1965 - 1966

stacks 1ifted
a new and

The idea consisted of setting up

sandwich" of alternating layers of emulsions

;..and the Earth's atmosphere is used as a.target (Figure

48). 1In addition to nuclear emulsions, one also‘began to use
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"rugs" or thin.and significantly cheaper x-ray film.. In several
similar experiments, long jet alrplane fllghts at altitudes of
10 - 12 km were used. ' | ‘

In high mountain studies, a decrease in the altitude of the /122

- experimental apparatus is more than compensated for by an in-

crease in area {up to 150 mz) of the apparatus, and an increase qe
in the duration of the experiment (up to a year). Weﬁgggg_jgggﬁ
through each sguare meter of area at the edge of the atmosphere,

14

agproximately 500 particles of energy 10 eV and higher pass,

and that only about 1% of these reach an altitude of 5 km.

By-interleafing pheteemulsiocns with 1éad, individual y-quanta
and high energy electrons originating in the air can be tracked,
and by the development of the subsequent electron showers, their
energiles can be measured to sufficient accuracy (~ 30%) if they
éXdeed 0.2 - 0.3 TeV. This, in principle, opens up the possi-
pility of sfudying the characteristics (emission angles and ener-
gies) of individual 7n°-mesons which originate in the process‘of
multiple particle preduction on nuclel of the air. The'advantage
of an alir target over solid matter is that for an appreciable
divergence of the two y-guanta, which originate from the decay of
‘a m°-meson of energy v 100 GeV in the air, a path length of no
less than 100 m is needed. On the other hand, if-the altitude of
7°-meson creation exceeds 500 m, enough matter. of-the atmesphere
itself 1is accumulated for the development of an electron-photon
shower. ?ﬁ;&h\even the distribution of w°-mesons or even the

"daughter" y-guanta become extremely intricate.-

N. L. Grigorov and colleagues (MSU) developed an apparatus
for this. They placed a large ionization calorimeter. under the.

ﬁhotoémﬁisions. The colerimeter allowed one, first of all, to

measure the energles of all charged pions incident on the device,
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and,.separately, the energies of all the wY-meson. decay preducts
and, second, to signal the arrival of a jet of particles for the
benefit of one or another section of the apparatus. Thus arose

the so-called "controlled photoemulsion” method,

In experiments using the atmosphere as a target for pro-
cesses of multiple particle production, Japanese physicists have
achieved the‘greatest success, although they did not use the con-
trolled photoemulsion method. Over the course of many years,
they set up photoemulsion cameras of ever increasing area 1n Japan
on Mt. Norikura (at an altitude of 2.8 km) and, then, in collab-
oration with a Brazilian group, on-Mt: Chacaltaya in Bolivia at’
the world's highest (5.2 km) experimental station. The total /124
power - of all the operating cameras 1s characterized by their '
total "luminosity™, i.e., the flux of cosmic rays during the en-
tire period of measurement. The luminosity of each individual
_camera is expressed by the product of the total area (in me ) of
the photoemulslion layers 1n one stack by the length (in days)
of the measurement time. The luminosity of the entire series of

experiments is about 50 thousand. - This 1s equivalent to a de-

tector of\@gctare area 1A operating continuously for 5 days.

With such a luminosity one can count on observing the inter-

‘action of at least 1000 particles with energy > 1014 eV (160 TeV),

of which about 10 have an ehergy greater than 107 5 . Each in-
teraction produces a large group (usually called a "family") of
electron cascades of practically parallel rays in the counter.

With proper skili, one can approximately recover the angular and
energy distributions of almost all y-quanta of energy greater than
1 TeV from the overall cascade disfributions in the photoemulsion
(Figure 49) These y-quanta originate in the initial interaction

of the 1n01dent particle with a nucleus in either the air at a
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Figure 49. A family of cascade showers
produced by a group of electrons and photons
which arose from multiple 7° and w* produc-
tion in the atmosphere above the apparatus.
Four fragments of the photoemulsion micro-
photograph are shown which represent the
most powerful cascade family (data of FIAN,
A. V. Ananasenko et al.)

height of several hundred meters above the apparatus, or
special layer of dense material at a height of 1.5 m.

A careful analysis of many years of observations is
made by the following method.
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- —---First of all, with the proper choeice of Lorentz facter for
the c.m. system,~the angular distribution of the y-quanta 1n that
system (and. from this, the éhgular distribution of the "parental

m°-mesons) is, as a rule, nearly isotropic. Subsequent analysis

of the energy distribution, which must conform to Planck's formula,

leads to the conclusion that the prccess proceeds via the forma-

tion of a fireball 1in the Intermediate atate.

But, if.this is actually the case, then by means of a simple
energy transformation (according to the theory of relativity),
an lmportant relation can be found between the total energy of

all y-quanta (ZEY)’ the Lorentsz factorﬁys, and. the mass of the

flreball‘Mf_b.:

3 Z £, =_ Te+ Sm!;

= The factor 3 on the left side of the equation is based oh
the assumption that Efland.w——mesons, which are not directly ob-
served in the experiment, are emitted in equal numbers, and have
the same energies as  the detected (by means of their "descend-

ants") w°-mesons.

All observed events are plotted on log-log graph paper (Fig-
ure H0), with the Lorentz factor vy, on one axis and the total

energy (ZEY) of the corresponding family of y-quanta on the other.

A very curious plcture 1s obtained. The majority of events are:
grouped within the 1limits of two_bands, one of which (left) cor-
responds to "normal" fireballs eof mass 2.5 - 6 GeV, and the
_secohd — to heavy fireballs of mass 15 - 30 GeV. The Japanese
physicists called these fireballs heavy and super-heavy quanta.
It.is .interesting that the masses of the heavy firebalils -are- -
close te the wvalue obtained from the unidue isotropic event cob-
. served by them in a photoemulsion in 1961.

141

/126



10% ke

i i |/, i I ! 1
at a2 as 1 2 5 40  Z -
- L'Er’kV .

10°

Figure 50. Distribution of
groups of y-quanta observed by
the Bristol-Bombay group of
physicists, and which lie in
one of two basic classes:
o= Lorentz factor of the
assumed fireball; ZEY — total

energy of all groups of y-
quanta; © — energetically dis-
tinct y-quanta ("torpedos'")

Figure 51. X-ray film re-
cord of a powerful cluster

of electron cascades ("Andro-
meda"), to which is attri-
buted an energy of about 4 -
ihi

cascades, each of energy

eV. About 30 separate

greater than 1012 eV were

formed at the edge of the

black spot in the photoemul-
sion

An even more massive fireball (or something similar to one)
was observed on Mt. Chacaltaya in 1971. A photograph of this

record-breaking event, which was given the exotic name "Andro-

meda" (evidently in analogy to the Andromeda nebula), is shown
in Figure 51. A spot of high density with a radius of about 2 cm
is evident in the photo. Within this spot one can distinguish

with the aid of the nuclear emulsion ~ 30 cascades of total en-
ergy LEy % 400 TeV, and an additional 240 cascades of energy
EEY = 550 TeV, which can be seen at the boundary of the spot.
The total energy is even of a macroscopic value, since 1015 eV

corresponds roughly to 1500 ergs, or about 1/30 of a gram-calorie.
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. The.persons who observed the event consider that .it originated.
~in the atmosphere at an altitude of ~ 600 m above the apparatus,
and was produced by a particle of energy v 1016 eV. -

In conclusion, we will try to answer the question posed in
the title of the chapter: do fireballs really exist?

In order to answer this question, 1t 1s necessary, first
of all, to make clear what is understood by this term, which
various sclentists define differently. Most frequently, the
term firebsll means any sufficiently massive (not always
identical masé, but not less thén twoﬁgﬂ@ﬂeddmhasses), unstable
cluster of strongly interacting matter which decays in a very

-24

short time  {on the order of 10 sec) into individual free

hadrons (principally charged and neutral pions).

Are such clusters acfually formed in multiple particle prdr /127
duction? As we have seen, a sufficlently cenvineing, universally
recognized answer has not yet been obtained by sclence. A whole
series of experimental and. theoretical data, examinhed in the pre-
vious chapter, leads to the notion that in very high energy hadron
collisions, a cluster forms, expands, and then decays inte parti-
cles according to the laws of thermodynamics or hydrodynamics,
and that in the initial state there 1s nothing besides this
cluster.

There are, however, other no less convincing experimentai
facts and theoretical censiderations which support the contention
that, in the initial stage of the process, there can be formed )
not only one, but several, clusters and, besides them, individual f
free particles or resonances. Such a broader and more "liberal"

position seems to the author to be more valid. A discussion of
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- the..more. concrete characteristics of these fireballs (mass,
decay law, etc.) sometimes degenerates inte a non-productive

- diépute over words ("fireball™, "cluster", isobar, etc.) which
attests to the lack of infermation concerning the essence of

the matter.



CHAPTER 7. WHAT IS THE NUCLEON MADE OF?

A "Builging Block" or a Detall of the "Architectural
Design" of the Particles of Matter?

As far back as the beginning of the EOth century, physicists
found it difficult to 1lmagine things more incompatible than par-
ticles and waves, matter and radiation (almost like Pushkin's
"genius and villainy™). Quantum physics of the twenties, which
demonstrated the wave characteristics of particles, and the cor-
puscular nature of waves, shook this manner of thinking for the
first time. In the thirties, the studies begun were contlinued.

. In cosmic ray experiments, the transformation of quanta of radia-
tion into "very genuine" protons, electrons, and positrons was
observed. Nevertheless, in this scene of events of the microcosm
with its practically universal character of "reincarnation" of
any particle of matter, there were strict prohibitions in effect
which limited the scope of possible transformations. There are
at least three of these prohibitions, which physicists usually
express in terms of gquantum numbers.

The first one (almost a lcommandment,) if one speaks the

language of spiritual particles) consists of the law of conserva-

tion of electric charge Z, thanks to which the photon "has the
right" to transform exactly into a pair of particles with oppo-
site signs of charge. .

. -. -The second commandment is manifested by the following- faet.

. Although nucleons (protons and neutrons) can be excited to a
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great- variety of more massive particles and can easily be trans-
formed into each other, the process of transformaticn of, say, a
‘protdn ihto a positrﬁn ofra néﬁfrdn into an électron—positron
palr has not occurred with detectable probabllity (this has been
demonstrated experimentally) over the course of existence of our
- Universe (v~ 10 billion years). This prchibition is called the
law of conservation of baryon number B, which 1s equal to +1 for
protons and neutrons, and -i for anti-protons and anti-neutrons.
It is just for.this reason that the converzion of a proton-anti-
proton pair into several 1°-mesons, and after their decay,. into

"pure" readiation, namely y-quanta, cannot be prohibited.

The third prohibition is expressed by means of the law of /129
conservation of a peculiar quantity S with the unusual name
"strangeness". It was found that in the process of multiple
particle production, any number of neutral K-mesons (of mass
~gbout 500 MeV) can be created.paired with neutral A-~-hyperons (of
mass about 1115 MeV), but never only one of themn, although it may
seem that it is favorablé energetically. The situation concern-—
ing the Ehhyperon (of mass about 1530 MeV) is even more complex.
Its creation by means.of nucleons requires the participation of
already two K-mesons. Finally, in the production of the Q-hy-
peron (of mass about.1675 MeV), a total of three partners besides

the nucleon is necessary, as in the reaction K +.p » Q7 + KT +

KO. Everything 1s "in order" if one attributes to each of these
hyperons a definite quantity called strangeness, which is numeri-
cally equal to -1 for the A, -2 for the g, and -3 for the . For

the K-mesons, the strangeness 1s +1 (for k' and KO), or -1 (for

K™ or KO, the anti-particle of the Ko-meson).

.....Thus,. the electric charge Z, baryon number B, and-strange-.
ness S are the three basic tenets on which the peculiar "juris-
prudence" of the laws of particle transformation are based.
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Occasionally, however, instead of strangeness, the combination ..
B+ S8 =Y 1is used. This quantity is called "hypercharge". And
 instead of the algebraic (but always integer) quantity Z (in
units of charge of the positron), the vector quantity T is used.
Its projection TZ (on the z-axis) can assume both 1lnteger and

half-integer values. The quantum number T is called the isospin.

The nine different combinations of the quantum numbers Z, B,
S allow the rebresentation of characteristics of not only the two
nucleons and the five hyperons, but also the four resonances of
identical mass. 1236 MeV, which correspond to the four possible
projections of the isospin T'(TZ =+ 3/2, + 1/2, - 1/2, - 3/2)

for the baryonle A-resonances.

Therefore, it -is not surprising that the idea occurred to
the Japanese physicist Sakata, as far back as 1956, to "construct”
"&1Y the particles known to him from combinaticns of three basic
"puilding blocks" — the proton, neutron, and A-hyperen. The.
first of these provides the composite particle with its electri-
cal charge, baryoh.number, and hypercharge; the second provides
only baryon number and hypercharge; the third — only baryon num-
ber and strangeness. A value of zero for all these guantum num- /130
bers, lncluding baryon number, can easlily be obtained by combin-
ing the suitable particle with one of the three possible anti-
particles. AT first glance, it '1s difficult to get the required
mass of the mesons, which, as a rule, are lighter than any three
of -the baryon "building blocks". But this difficulty is overcome
i1f one recalls tThe mass defects of .the atomlc nuclei: the mass
contributed to each by one nucleon is, on the average, almost 1%
less than in the case of free nucleons. The numerlical value of
the mass defect in energy units 1s equal to the blndlng energy
of the nucleon-in the nucleus

147



__.It is sufficient to assume that the binding energy is. close
to the rest energy of each free particle to immediately realize .
that the mass of the whole "construction™ can become ‘less than
the mass of each "part'" taken separately. It is true that, in
this case, the idea suggests itself that the interactlon of the
"ouilding blocks" must be extremely strong to correspond to the
mass defect of the atomic number. However, this was not the
reason for Sakata's failure. His scheme was unsuccessful because
it was unable to explain the existence of the @ khyperon (for
which not even three A-hypercns suffice), which was discovered 1n
1964, But the initial idea, however, was resurrected in the same
vear by Gell-Mann, who proposed hypothetical particles called
quarks as the elementary "building blocks".

The boldness and uniqueness of this hypothesis i1s emphasized
by the fact that all quarks have fractional charge, not only
.electrical, but also hypercharge. Integer values are assigned
only to the strangeness. The characteristics of the quarks are :
“given in Table 2.(at first, there were three basic quantum num- ' é%il

bers, and then two "derived" ones).

TABLE 2.  HYPOTHETICAL CHARACTERISTICS OF'QUARKS

Quantum number Quarks
Electric charge Z 2/3 =173 -1/3
Baryon number B 1/3 1/3 1/3
Hypercharge Y 1/3 1/3 -2/3
Isospin T (T, = 2 - ¥/2) | 1/2 1/2 9
- SErangenesgs 3 = Y - B ‘ 0. T R
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...... By combining fhree quarks (not necessarily different ones),

‘Vone can make any real existing baryon (a particle with B = + 1).

A subsequent increase in the number of strange quarkS“(qB) allows

one to obtain all the hyperons up to the "strangest" hyperon i~
(for which %2 = - 1, ¥ = - 2, and § = - 3, because @ = qg +

+ .
43 + a3)

In order to "buila" the mesons, it is necessary to use palr-
wise combinations of quarks and anti-guarks (only then can one
obtain zero baryon charge B 5 0). The presence of one strange
quark or anti-quark (q3, qg) allows one to get the "strange™

mesons, in particular, the K-mesonsg.

The use of guarks as "parts" for building hadrons makes. .
possible the explanation of one of the general Characteristigs
which is called the unitary symmetry of strong interactlonsz. We
Wwill merely mention, without going into detail, that this charac-~
teristic can be regarded as a hypothesis concerning the composi-
tion of very strong interactlions which are completely independent
of all three fundamental guantum numbers, of the moderately
strong interactions, which depend in a definite fashion only on
the strangeness of the particle, and of the not very strong {(but
not weak) interactions, the electromagnetic, which depend on the
electrical charge*. The comblnation of these forces of nature
enables one to explain quantitatively theﬂggigiéﬁggmof speclal
symmetry groups of particles called supermulﬁipiétsg whose masses

*One of the graphic¢ 1llustrations of the symmetry of strong in-
teracticons 1is the complete identity of the processes of elastic
scattering of protons on protons and neutrons over such a wide
range of momenta that the probability of scattering changes by
a factor of a million.
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are .split relatively weakly due to the moderately strong interac-

. tions, and not at all by the glectromagnetic. One finds, in par-

ticular, an explanation and a regularity in the increase in mass
from the A-resonance to the Q7 -hypereon through the I- and iE-hy-
perons. Each tilme the increase is almost the same ~ 145 MeV (it
is sufficient to assume that there is the same quality befween

the mass of the strange quark and the two neutral ones ).

In this manner, the quarks can be considered as universal
"building blocks" from which any hadrons can be put together, both
heavy (baryons) and medium (mesons). But, indeed, the baryons /132
are the basis of atomic nuclei, and thils means the basis of mat-
ter in general. The mesons are the field guanta of the strong
interaction, i.e., the quanta of the very radiation by means of-
which the baryons "communicate" with each other. Therefore, it
can be considered that the guark hypothesis is directed at com-

‘pletely erasing any boundarles between matter and radiation.

The example of the quarks turned out to be "infectilous™ —
pased on theif example, people attempted to confirm the existence
of three other "foundations" for the light particlés, the leptons.
These attempts, however, are still in the preliminary stages of
investigation.

The fundamental significance of the quark'h?pothesis was
appreciated immediately by'physicists (and not only by physicists).
The "only" deficiency of this hyﬁethesis is that'nobody has ever
been able to observe free quarks, but this fact hés been and re-

mains its advantage, since 1t allows the possibility of observing

. principally new phenomena of nature. The hlstory of the positron

is 8till well preserved in the memories of physicists. This
.particle was predicted by P. Dirac on a purely theoretical basis.

and served at first (until 1t was observed) as the main argument
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- against his concept (even in the eyes of the author himself!),
- anad after its discovery it provided the triumphal procession

of theory.

One of the arguments used for the guark structure of hadrons
is related to the additivity of the effective interaction cross
sections of protons wifh protons and pilons with protons. Since
protons (like all baryons) are made up of three quarks, and a
pion — of only two, one would expect that at an. energy of 1 1/2

times greater (but equal from the point of view of one quark), 54}

the proton cross section would be 1 1/2 times greater than the
pion cross section. This was confirmed by ezperiment: first, at:
sufficiently high energies, the ratio of the total cross sections
was found to be 1.6 (38.5 mbarns for pp-interactions, and 23.7

mbarns for the average arithmetic cross section for W+p— and T p-

interactions) to within an accuracy of 3%; second, the individual -

regction cross sections for tThe creation of a given number of
pilonsg in the case of wp- and pp-interactions changes with in-
creasing energy in an analogous fashion, but with a "stretching"
of the energy scale, also by a factor of 1.5 - 1.6 for incident

protons compared to incident pions.:

The guark model in its general form also explains the guali-
tative change of state of the created particles with increasing
initial energy, in particular, the 5-fold inerease in the rela-
tive number of -anti-protons and 7 -mesons for an energy change
- of about 20 GeV. This was observed by means of fhe colliding
beam accelerator at CERN (at an energy n 1000 GeV).

The fractional electric charge cof the gquarks and their con-
sequent sharply diminished ionizing capability (at least for the
,quarksmq2 and q3) can be considered as theilr principal.distin-.

guishing characteristics. The tracks of such particles in
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detectors should be eaéily distinguished from all ofhers.. It is

”; not surprising that already for many years, physicists have been

"sifting" with envious perseverance throﬁgh millions of particles

created in strong interactions at high energles on accelerators.

It:became obvious very soon that if free guarks are produced,
then only extremely rarely. As a result, excepticnal precautions
must be taken against all possible imitations. However, this d4id
not perplex the physicists very much, who had experimentally dis-

covered another, alsc relatively rare particle, the anti-proton.

An interesting maneuver to get around these background Iimi-
tations was undertaken by L. G. Landsberg and his colleagues
while working on the proton accelerator at Serpukhov. They made
use of the fact that the formation of beams of secondary parti-
cles which are emitted from the internal target of the accelera-
~tor are determined by The magnetic deflection, the Lorentz force,
which is proportional to the charge and the momentum of the par-
ticle. As a result, even very massive particles (with mass " 3
GeV), which are created with no kinetic energy in the c.m. system
of the colliding particles, will be transported by the channels o
of the experimental area in the same way as singly charged parti-
cles whose mementa exceed that of the primary particle by 70
GeV/C (a schematic diagram of the experiment 1s shown in Fig-
ure 52).

Still another experiment concerning this extremely importantJ}
but complex problem waS'performed in 1972 on the colliding beam -
accelerater at CERN. During the course of the experiment, six

millicon charged particles, created by collisions@?ﬁkfﬂg5“g§@v

protons, were passed through the apparatus. The lack of suitable
gquark "candidates" of charge §7§]or 2/3 allowed one. to-place.an
upper limit on the cross section of quark formation at the level
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oz ey 10 em?, L L e
" _i.e., roughly 100 mil- i - ..
" lion times smaller o
than the total cross
section of two strong-
ly interacting protons.
Such a low estimate of
the probability of
"knocking out! *quarks

Figure 5.2. Schematic diagram of the

from nucleons 1s justi- experiment to search for quarks on the

fied under the condi- accelerator 1FVE at Serpukhov:

tion that thelr mass ..« 1 — internal target of the accelera-
tor; 2 -~ deflecting magnets; 3 —

does not exceed 22 GeV quadruple lenses; 4 — collimator;

{(for charge 1/3), or 5 — scintillation counters; 6 — Cer-

13 GeV (for charge 2/3). ) . enkov;@thréshold)~cou§ter

The negative result obtained in these experiments, as-in .all
previous ones, did not discourage physicists very much.  In fact,
the hypothesis of Gell-Mann does not predict the mass of the
quarks. It allows an estimate of merely the order of magnitude

of possible lower 1imits of this mass, which 1in fact is very high.

Consequently, searches for processes of quark production at the
maximum possible incident proton energies are included without

hegitation in the research programs of all future accelerators.

It is natural that cosmic ray speclalists héve taken an ac-
tive part in the resolution of such an important problem. As
carly as the end of the sixties, they were convinced that the
possible fraction of quarks in the total flux of cosmiec rays does
not exceed one part In a million of one percent. But 1f the

12 eV or

quark mass is high, Very hlgh energies on the order of 10
greater would be required for their "liberation" Thereforé the

most serious attention has been directed toward the extensive

153.



atmospheric showers, the processes of creation in the atmosphere
' of a very large number of particles by the action of primary

14 eV, and higher.

particles of energy 10
In 1969, the Australian physiclst 3. MacCusker apparently
detected several suitably low-ionizing tracks while reéording the
central particles of extensive showers in a.cloud chamber. Judg-
ing from the calculatilons, however, these "phantoms" may well be
the result of quite rare and very large fluctuations, deviations
of the doniging ability of the particles from the average. value.

Therefore, new measurements are reguired which are signifi-
cantly less sensitive to the ionizling ablility of the particles
in the extensive showers. In 1972, the West German physicist
A. Bohm and his colleagues published the results which they ob-
tailned frem 2120 hours of operating their apparatus, which in-
..cluded five series -of proportional counters situated beneath.a
layer of lead 15 cm thick (to s8ift out electrons). Thils time,
not one gquark candidate in 107.5 thousand particle measurements
was observed. From this, the conclusion was made that the flux
of quarks from cosmic rays (if quarks exist at all) does not ex-
ceed one particle per one kme per second (per one steradian of
solid angle).

At present, physicists are divided into two basic groups.
One group, as In the past, sets its hopes on thelexperimental
discovery of quarks, which they consider as the decisive con-
firmation of the entire theory of the unitary symmetry of strong
interactions. The other group is 1lnclined toc consider it more
procbable that quarks do not exist at all in a free form, but
rather represent the basic element of the mathematical abstrac-
tion which describes the symmetry characteristics -of strongly -

interacting particles, and is something like a structural
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principle which constitutes the basis of the standard "architec-
tural design" of these particles. One must not, however, exclude
a third possibility which is related to the appearance of some
kind of principally new concept.

The Unexpected "Breaking Open" of the Nucleon- -
With the Help of Viptual. Phetons. ..

We have already famiiiarized ourselves with fhe classical
experiments of Heofstadter, who used the electron accelerator as a
unique "high-power microscope" for "examining" the internal con-
struction of the proton and neutron. In these experiments, the
angular distribution of the elastically scattered electrons of /136
energy v 1l GeV is studlied, and the form factors are determined in
the form of magnetic moment (for the proton and neutron) and elec-
tric charge (for the proton) dengities which smoothly decrease

_from the center to the periphery.

Several years passed before significant progress was made
in the construction of electron accelerators. FPhysiclsts were
hoping for an increase in the resolving power of the device so
that they could penetrate deeply into the "heart" of the nucleon.
Striking progress on the way to this goal was made in 1968 by W.
Panofsky and his colleagues at Stanford (U.S.A.) when a unique
linear accelerator which produced a powerful beam of eiectrons
of energy 20 GeV began operating.

In the first{éiééy}mgn@g using a specilal spectrometer and a
hydrogen target, the number of electrons scattered at different
angles was measured, as well as the electron energies. The high
intensity of the electron beam allowed one to measure electrons

-scattered without energy loss out to-an angle v 15°, . through- -- -

which ¢only one out of 1018 incident electrons is deflected. The

v
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cross.section for this is on the order of 10‘39& m?. The de-
crease:in intensity of elastic scatterlng with angle 1is inversely
pPOpOPtlonal to the fourth power of the angle, a8 in previous
experiments; and, conseguently, it -is inversely proportional to

the fourth power of the momentum transferred to the nucleon.

But this was not the most interesting thing. Energy measure-
ments showed that in several cases the electrons“ubon scattering (o,
lost a significant part of their energy, which could have gone
into ex01tation of the nucleon to one of the already known reson-
ance states. This was similar to what is actually observed in
the scattering of atomic electrons of very low energy. In the
glven case, however, there appeared, together with the rescnance
peaks in the spectrum of electrons scabttered with a significant’
probability, a non-resonant part which decreases contlauously
with enérgy, and which 1is qelated to the process of multiple pro-
~duction of some type of neﬁ, strongly interacting particle. And
here in this non-resonant part, two surprising things were

discovered.

The first is that the number of i1nelastic and non-resonantly
scattered electrons decreases with angle much more slowly than /137

the number of elastically scattered ones.

In order to quantitatively describe the degree of "spreading
out" of any target particle, it .is helpful to construct a form-
factor curve, as in done in particular for "probing" proton

structure by elastic scattering‘of electrons.

In Figure 53 the form-factors of the same target proton
are given. They were obtained 1in two different experiments: one
from elastic scattering (solid curve), and the other (experimen-

tal points) from non-resonant inelastic scattering with large
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- energy loss. The al-

o most horizontal form

of the form-factcr for
the inelastic process
signifies that the

proton in this case

assumes a "new form"

as a poilnt target.-

<
-

B - SU
' q2, (GeV/C)2
First of z1l,

one would expect that Figure 53. Comparison of the proton

form-factor for elastic (go0lid curve)
- the structure factor and inelastic (experimental points)
cqs . electron scattering at incident ener-
W (the multiplier with ~gles of 3.5 - 19 GeV, and at angles
which one multiplies from 6 to 26°. The square of the mo-
mentum transferred to the praoton is

the,?laStlc scattering Lplotted on the horizontal axis

cross section at 8 =

6° in order to obtain-

the non-resonant scattering cross sectlon) will depend on two
quantities: the energy loss v of the electron, and the square of

the 4-dimensional momentum (i.e.; the mass) of the virtual photon

q2 (remember that the mass of virtual particles is not_constant).
In fact, the probability W, or rather the product of this factor
and the energy loss v was found to be a function of only one

variable w, which is proportional to the ratic of the energy v

and the-maSS'qg. This unexpected characteristic: (which appears
only for sufficiently high energy losses v) was given the name
scale 1nvariance or scaling.

In 1969, the American physicist R. Feynman proposed the fol-
lowing hypothesls for explalining the phenomenon of scaling. Let
us_assume that we will examine the structure of the. target-nu--.

- cleon, which is in a coordinate system moving at a speed less
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.than .that of light. One would expect that, as a result of ef-

_ fects predlcted by the theory of relatlvity of time dilation and
contraction of thérlongitudinal-dimensions at such velocities,

the structure observed will have a static — as if frozen — char-
acter, which includes some type of mutually independent "sub-
particles" which lack spatial extent (material points) but pos-
segs finite, but not very small effectlve mass. Fopr sufficlently
high energy transfers to thls "subparticle", certaln conditions
can be met such that the interaction time of the photon with the
‘subparticle can be significantly less than its lifetime.. In such
a case, the interaction process must have the character of an
elastic scattering of the incident electron from one point-like
subparticle. Such a peint-like, free, and "almost" real subparti-
cle in the form of a "bullding block", an instantaneous "construc-

tion" mold, was given the name parton.

_ It should be mentioned that the parton (like the quark) can
have an effective mass signlficantly greater than that of an en-
tire nucleon. If, however, in -the case of "classical' quarks,

it is implied that the "surplus" mass is almost entirely can-
celled by the binding energy of the given quark to the others,
then in the case of the parton, the emphasis is placed on its:
virtualness and short time of interaction. It-is for this reason
that the hope of detecting a free quark (at least one which has
the lowest mass - and must be guite stable) stubbornly continues,
but talk of free particles outside the nucleus 15 evidently

lacking in meaning*®.

It subsequently became clear that Feynman's hypothesis is
attractive because of 1ts possibility of achieving an explanation,
if only qualitative, of the anomolously high probability-of the

PR
Until the idea of the parton, as -well as the virtual hadron,
contradiéts experiment. ‘
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.eXlstence in nature of two inelastic processes which are related
to multiplé hadron production at a high expenditure of energy,
Abut each time with the participation of leptons which are not
directly capable of strong interactions. The'first process can
easily be represented by replacing the electron with a muon — a
particle which in all respects (except for a significantly greater

mass) is like a "second edition" of the electron in nature.

The second process is hadron production in high energy neu-
trino interactions with nuclei or nucleons. In’this case, things
are more complex: it turns out that the neutrino, like the elec-
tron or muon, can also undergo (if only rarely) scattering on
nucleons, but in doing so, it is "simultaneously" transformed
" into either an electron or a muon, i.e., into its weak interac-
tion "partners". 1In acccrdance with existing conceptions, the
scattering of particles in weak interaction processes 1s very
similar to scattering induced by electromagnetic forces. However,
instead of virtual guanta of the electromagnetic fleld, the pho-
tons, virtual particles (quanta of the weak interaction), which
are analogous to photons, are drawn. into the picture. These
virtual particles are called W-bosons, but have never been de-
tected in a free state (possibly because they may have a record

high mass, greater than 40 GeV).

These two processes, as well as the process consldered in
the beglnning, c¢alled deeply l1nelastic electron scattering, have-
" up to now not allowed one to detail the characteristics of
particles. ‘

It is important that partons "know how" to interact with
virtual photons. This means that they must have-an electric
charge.. "To this is related the interest in the relative number,

of pions of different charge, which are produced in the process
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- of deep inelastic scattering of electrons on protons. It was
found that positively charged pions dominate negative ones. This"
meanhs that the neutral virtual photon "knocks out™ positively
charged pions from the proton on the whole.

The parton model still commands the respect of many physi- /140
cists because it increases the interest in the search for the
"original mother" from which the enormously varied eleméntary
(here in a limited sense of the word) particles originate. Hels-
enberyg, whom we have already mentioned, was the last (but cer-
talnly not the first) to carry out such a search, but he was not
able to carry it to a successful conclusion. His starting point
was the quantitatively developed concept of the "original mother"
described by the nonlinear differental equatlons which include a
new fundamental concept. This concept containg the idea of an
elementary length or "quantum of distance". In this conception,
the "original mother" appears in the form of several unlversal
by linear equations can be quantized, i.e., be represented in the
form of a sum of free particles or particles which almost do not
interact with each other.

The partons can also be thought of as strongly concentrated
clusters of several "original mothers" which occur in a state of
continucus transformation, and which create such clusters accord-
ing to the laws of probabilify in the form of very short-lived
(but slgnificant . on the scale of enérgy) fluctuaﬁions. :

Nuclear Cascades. in Cosmic. -Rays and:sthe. Parton Model

A detailed study of the laws of the transformation of cosmic
rays as.theyrpassethrough-the atmosphere-ﬁaS@long been one of.ithe

main tasks of cosmic ray researchers. The investigation of the

160



‘muclear actlive (hadron) component of cosmic rays began 25 years:

.- ago, and even(thenhphysicists tried[to obtain information about

thelr altitude and energy dependence. It -turned out that the
altitude dependence had an exponential character — the flux of
_partlcles w1th an energy greater than a given value decreases by

e ——— . - .

a factor of e = 2.7 with an increase of\roughly 120 g/cm in the sge;;

cific mass of alr separating the experimenters from the boundary
of the atmosphere. It was also found that: even if the quantity

120 gfomg, usually called the mean absorption length of the par-
ticle flux, depends on the effective energy threshold of the ap-
paratus, then it does s0 only weakly.

In-order to correctly interpret this constancy, it.is neces- /141
sary -to examlne to what degree another quantity-is constant in
nature. This quantity 1s the average range of interaction of
hadrons with atomic nuclei of the atmosphere, and this range uni-
quely determinhes the transverse cross sections of nitrogen and
oxygen nuclei. In connection with this, physicists for a long
time have directed their attention to the fact that the particles

of the highest energy (up to 1019 - lO20

eV) create powerful
atomlc showers, and these showers are maximally developed gulte
high above sea level. This means that even in a very wide energy
range (almost 10 orders of magnltude), the average range of inter-
action of hadrens with nuclel of the air 1nereases only insigni-

ficantly, by a factor of 1.5 - 2, if at all.

in order to quantitatively analyze all these regularities,
it 1s necessary to set up and solve differential kinetic equatlons.
These equations take into account the balance of the hadron flux
of any given energy at any level in the atmosphere. The decrease
in the flux is determined only by the interaction prcobability of
. hadrons with nuclei (in an infinitely thin layer), and the rise
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is determined, in addition, by the energy spectrum of secondary

' particles from all the high energy {nteractions.)

An analysis of the kinetic equations shows that the independ-

ence of the raﬁge on the energy until absorption can océcéur if,
in-the process of multiple particle production, scale invariance
(scaling) of the spectra of secondary particles is satisfied.
This means that the form of the spéctrum does not depend on the
initial energy EO’ if cone takes the correSpondipg ENnergy EO as

the unit of fthe energy scale for each interaction. Under this
condition, the form of the energy spectrum of the hadron compon-

ents as a whole is conserved at all levels of observation.

Experiment showed that to-a first approximation, the inde-
ﬁendence of the spectrum of the hadron components of energy over
quite wide ranges of altitude and energy is actually characferis-
tic of cosmic rays (Figure 54). Here it is necessary to make one

reservation. The sharp : falling (almost as the inverse cube of

the energy E_3)"of the hadron energy spectrum leads to the fact
that, in the total balance. of particles, secondary particles with
energies not toc different from that of the primary particle (the
"leader") always play a decisive rcle. Therefore, even with the
rigorous Justification of direct confirmation (the invariance of
the hadron ensrgy spectra at all altitudes follows from scaling
in the interactions)}, only a very approximate conclusion can be
made ¢oncerning the justification of the inverse assertion:
scaling 1in individual interactions follows frcom the invariance

of the spectra with alititude.

it must unfortunately be stated that many (far from all, of
course!) physicists who work on accelerators are not familiar
with the achievements of cosmic ray physicists. They justify
their lack of information on the basis of the approximate and

162 .

/142



- . Bometimes contradictory character of the results obtained in
- this area. Apparently for this question arose the necessity of
"rediscovering America" by starfing from completely different '

considerations.

R. Feynman, the author of the parton model of nucleon struc-
ture, directed hils attention to the fact that partons do not ap-~
pear only in deep ilnelastic reactions inveolving electrons. IF
one considers colliding nucleons as a source of- partons, then
multiple hadron production can be represented as the result of
mutual parton cellisions (Flgure 55. In order to make a quanti~-
tative prediction concerning multiple hadron production in such
a model, Feynman had to introduce the more or less natural assump-
tion concerning the spectrum of longitudinal momenta of the par-
tons. He assumed that this spectrum is similar to the spectrum
of photons emitted as braking radiation in collisions with atoms
(more precisely, in. the electric fleld of atomic nuclei). The
spectrum of ovraking radiation has a quite simple form for the
logarithmic scale of momenta. The number of photons emitted in
a glven momentum range is proporticnal to the width of this
range: the range 1 MeV/c to 10 MeV/c, let us say, has fas many)
particles as the range 10 MeV/c to 100 MeV/e.

For such a spectrum, the more numerous particles (or rather
the ones having a greater probability of emissicn) are those with
low energy (they are often called "soft", since low energy pho-
tons are absorbed very easily 1n matter). Starting with the
braking radiation character of the parton spectrum and with the
additional assumption {(also fully natural) of the low value of /144
thelr average transverse momenta, R. Feynman predicted the scale
invariance of the particle spectrum which occurs in multiple
nadron preduction by nucleons of various energies. . Let us recall

o

that the representation of the parton characteristics (like
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Figure 54. Experimental

hadron spectra (protons and
pions) of cosmic rays at -

various depths X of the at-.

mosphere:

1 — primary radiation (X =
0); 2 - 5 — various ioni-
zatlon chamber data (X =

200 - 1000 g/cm?); 6. ——
phetoemulsion (X = 220

%/CmZ); 7 - 8 — magnetic
spectrometer (X = 700 -

1000 g/cm2). The smcoth

lineg represent calcula-

tions based on the assump-~

tion of scale invariance

of the multiple production
spectra
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Figure 55. Schematic diagram
of multiple pion production-in
pp-interactions by means of the
interaction of partons (Hl, HE)

and the exchange of virtual
particles

almost all free material points)
is suitable only for the "ob-
server" (including also the
second parton) who moves at a
very high velocity. This also
means that the scaling hypo-
thesis must be true only in the
limit of infinitely high ener-

gies of the colliding particles.

It remains to be explained
just which energies can be con-
sidered "infinitely high" from
this point of view. Only a de-
tailed experiment can answer

this guestion.



..-...The simplest way of doing an experiment is to measure the..
angular distribution of created particles. Actually, 1f one
"piously" believes in the iaw.of invariance of the average trans-—
verse momentum, then the distribution of longitudinal momenta
characteristic 5f scaling will correspond to a Just-as-character-
istle "table-like" distribution of particle emission angles if it
ié§expressed on a logarithmic scale of the variable n = log {(tan
65/2), for which all angles ec refer to the c.m. system of the

colliding nucleons. As previously mentioned, the data which-has
been obtalined at CERN from the colliding proton - beams at an eﬁergy
of 30 GeV confirms the theoretical predictions (see Figure 46).

An almost "table-like" (with sloping sides) angular distribution
of the created particles was obtained. The width .of the "table”
is proportional to the logarithm of the energy of the colliding
particlés, and its height tends to a constant limit.

Good agreemént‘with the predictions of the parton model was
also obtained in measurements of the momentum spectra. At first
it was compared with photons produced by intermediate 7°-mesons,
and then with charged pions (see Figure 40). It-is immediately
obvious that the distribution of the ratio of longitudinal momenta

(X = py/pmax)} for a fixed value of the transverse momentum P4 is

practically independent of the initial energy EO from ED = 500
GeV and higher.
The following question may arise: how can ohe and the same . /145

—

set of data, which are plotted in Figure U0, explain both the
fireball of Hagedorn and the parton of Feynman with equal success?
It would seem that these two models have nothing in common. Thej
in. fact have general characteristics, not to mention the exten-
sive possibilities of "fitting" each of these models to the data.
If one first looks carefully at the parton scheme of multiple - E
production (Figure 55), and then at the fireball scheme for the
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éame_bhgnomenon (Figure 41b}, then one can cohsidef thé‘first as
some kind of definition of the second. Indeed, the parton model
reduéesfhigh energy nucleon cocllisions to collisions between
their constituent partons. But, if, as a resulft of the collision,
both partons are torn out of the corresponding nudleons, then,
because of thelr instability, they Ilmmediately become centers of
free hadron emission, exactly as the fireball which was pfoposed
‘earlier. Simultaneous with the "tearing out" of a parton from a
nucleon, the nucleon can be left in a strongly excited, unstable
state which i1s completely similar to the phencmenon considered

earlier of the formation-and decay cof an isobar.

Particular Iinterest has been recently devoted to the study
of transverse momentum distributions /i of the created particles,
expecially for the reglon of emission angles near 90°, when the
longitudinal momentum p; = 0. Earlier, it was considered that the

number of particles must very quickly decrease with increasing
”Pﬁg roughly as an exponential function of the square of the trans-
verse momentum. The- parton model, however, predlicts that for
sufficiently large values of Pi the effect of exchange between

the two colliding partons by means of virtual photons must neces-
- sarily be expressed. This leads to a change in the distribution

to a more gently curved form (roughly likeiﬁﬁ).

A speclific experiment to confirm this phenomenon using col-

liding beams led to a new, unexgected effect. It was found that
the transition from the experimental curve to the gentle one oc- -
curred quite a bit earlier than expected (already for pL=] 1.5
GeV/c), and the entire gentle portion was nearly 10,000 times
higher than the calculated curve. This "surprise" was naturally
explained by claiming that the partons can exchange not only :
photons, but also other virtual particles, including strongly /146
'iﬁteracting ones..for which the emission probability should be

“higher by a factor of approximately (137)2.
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At the same time, 1t became clear that among the created

‘ particles with anomolously large transverse momenta ( pi>31.5
GeV/éj, the fraction of heavy. particles (K-mesons and protons) is
also anomolously large; 1t approaches 50%. This may be reiated
to the faect:.that.fheistructure of the separately’ interaé%iﬂé\par-
ton is qualitatively distinct from the structure of the nucleon
as é whole. Only in this case, the process, which is related to
the "knocking out" of a single parton and its subsequent decay
into free, stable particles, leads to a qualitatively different
composition of created particles in comparison to the peripheral
interaction of nucleonsg. It is necessary to remember, however,
that the process of the deep inelastic type, which is related to
the peculiarities of the partons as momentary point-liike edements
of nucleon structure, begins to play a significaﬁt }ole only at.

very high energies of the incident particle.

- All the results considered in this section inspire the hope
'of'entering the "Bromised Land" of'energiés'so high that with
any further approach to.infinite energy, no more qualitatively
new natural phenomena will appear. This énergy region is called
the asymptotic region, or simply "asymptopla in the polymathe-
matical jargon of physicists.

On the other hand, the indications of a superheavy fireball

and. other phenomena, which cosmiec ray physics detects at energles

of N 1014 eV and higher, permit one teo think that maybe the idea

of point-like subparticles {(partons) is also 1limited, and sooner

or later, the structure of even these particles will be discovered.
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CONCLUSION: CONCERNING ADDITIONAL PROBLEMS
AND NEW PERSPECTIVES

Paradoxes Within the Nucleons

Up to this point, the discussion has been concernéd exclu- /147
sively with multiple particle production 1n inelastic interac-
tions of twe elementary particles. In nature, however, the pro-
cess mainly occurs with the participation of complex nuclel, as .
in the interactions of superhot and superdense stars (of the typé
of an exploding supernova), as well as with intergalactic matter.
Together with the specific nuclear targets, it is necessary to
take into account the nuclear composition of detectors of the
photoemulslon type, and the. propane or freon spark chamber types,
as well as radiation shielding.

The study of processes involving nuclel, however, %E} 1m-
portant not only for tﬁeir practical or methodological aspects.
As will be shown below, the very process of multiple particle
production changes very substantially, and occasibnally\even
enigmatically, in the transition from elementary particles to

nuclel,

We will take a complex nucleus as a target for strongly
interacting particles, and we will think of it as a bag of closely
packed apples. Actually, if the square root of the interaction
cross section of protons with various nuclei is plotted as a
function of the linear dimensions (radil) of these nuclei, fhen

the resulting points (except for hydrogen) quite convincingly lie -
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on. a.straight line which (with a sultable choice .of scale)

~ passes at an angle of 45° through the origin.

This can easily be understood if one considers that the ex-
ternal layer of the "apples" in the nuclear "bag" shields or
hides the "apples™ inside the layer; as-a result, the total ef-
fective cross section is not proportional to the volume, but to

the geometrical transverse cross section.

In the case of pions incident on the nucleus, the picture is /148

different: the cross section increases with%ﬁﬂzfeasihgn\mass num-—
ber A (i.e., the number of nucleons in the nucleus)}, no longer in

3/4y.

L — A
proportion to}fﬂ#, but rather as } 23| (or A Here, the appro-

priate analogy 1is not the "bag" of apples, but a package of half-
transparent Christmas ornaments.

The presence of fully or even partially{é@iééﬁéélnucleons
of complex nucleil leads to the idea of considering the entire
_process of multiple particle production on the nucleus as a re-
sult of successive (cascade) interactions within the nucleus with
the participation of the second and succeeding "generations". At-
first glance, such a representation agrees at least qualitatively
with the factor of appreciable increase in multiplicity — the
number of fast particles produced. Table 3 presents data which

show how, at incldent energies of 8 - 20 GeV, the average number

-df'fast charééd”parﬁiéléé'préﬁué;a by pions or protons changes

with the replacement of the nucleon target by the heavy silver

(Ag) or bromine (Br) nuclei. The choice of heavy targets is K
based on photoemulsion data s that the totidl number of slow pro- .
tons, which are emitted by the nucleus as a resﬁlt of direct recoil
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TABLE 3. INCREASE IN NUMBER OF (ﬁé) FAST

.. CHARGED PARTICLES PRODUCED IN PION-NUCLEON
COLLISIONS IN COMPLEX NUCLEI (RELATIVE TO
A NUCLECN TARGET)*
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3
Commas represent decimal points.

("gray" tracks) or "evaporation" from excited nuclelﬁ#k"black"

tracks) 1s, not less than 8. Not simply any collisions with the /149
Ag or Br nuclei are selected for thils, but rather basically "head-

on" collisions which.give H«—'S nucleons from the nucleus along

the path of the incoming particle. A-quite strong effect of
multiplicity increase relative to two colliding protons occurs

if the choice is made from the number of "gray" tracks Ng (proton

recolls) without paying any attention to the number of "black"
(Nb) tracks.

#E :
The concept of nuclear evaporation 1s based on the far-reaching

analegy between the nucleus and a drop of liquid. For strong
(though local) heating of the nucleus, its individual particles
obtain an energy which is sufficient to overcome the binding
force with other particles and escape beyond the boundary of
the nucleus.
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«.In the guantitative analysis of the results, which are
glven in Table 3 along with many other results, a number of
strange circumsténces were founé whose role increases 1in h@ﬁort—‘
bggé with increasing initial energy. The main one is that the
effect of the internal nuclear cascade is small (ﬁ?ﬁcontributes
only a factor of 1.5 - 2 to the increase 1n multiplicity, in-
spite of 3 - 4 successive cascades), and does not tend to in-.
crease even for a large increase of the initial energy. This
leaves the impression that, in the process of internal nuclear
cascades, only one very high energy (leading particle), as a

rule, is capable of produeing more particles.

An-Interesting attempt to study multiple particle production
on very heavy nuclel was begun not long ago by a group of seven
American physicists (J. Lord and colleagues). Using 200 GeV
protons from the accelerator at Batavia, they irradiated specially
prepared photoemulsions, which contained finely.divided tuhgsten
powder whose individual grains {(granules) have an average dia-
meter of iO - 15 microns. The relatively small interaction
probability of the incident protons with the tungsften nuclei (in
181 interactions in the photoemulsion in the first experiment, at-
most 8 interactions were observed within the tungsten grains) did
not prevent the authors from establishing a series of important

characteristics of the phenomena studied.

It ‘was found that, on the average, 3.5 fast.charged parti-
cles, which are emltted from a proton farget at angles less than
90° in the c.m. system of the two colliding nucleons (in the
forward cone), maintaln their angular distribution practically
unaltered in the case of a tungsten target. With increasing
angle of emlission, the contribution of particles also increases.
This. 1s conditioned by the presence of the heavy nucleus. .. With.

this, the comparison of processes, which occur on heavy and light -
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nuclei of the photoemulsion itself, led to the conclusion that
the total number of surplus fast particles is proportional to /150

EW{E}(A is the number of nucleons in the nucleus). Theraverage

number of slow particles (Nh), which are distinguished by thelr

high density tracks, strongly increased. Relative to the average
nuclear photoemulsion, this number increased by approximately a
factor of 4, reaching almost 30 particles in each interaction.

If one considers all the slow particles, which are recoiling
protons from the tungsten nucleus, and compares their number wlth
the total number of protons in the initial nucleus {74)) then one
must conelude that in the process of multiple preductlon, noc less

than 40% of all the nucleons of the tungsten nueleus take part.

The authors themselves were 1nclined to explaln thelir data
by the occurrence of an internal nuclear cascade, for which each
of the secondary particles, which appear in the collision of the
incident nucleon with the first nucleon encountered 1in the nu-
cleus; then undergo second, third, etc., interactions 1n the

aame nucleus.

This explanation, however, can scarcely be in agreement
wilth the surprising invariabiliﬁy of the angular distributioen
of the fast particles which are emitted near the edges of the
forward cone, and which carry off a principal part of the total
energy of the initial proten. In order to resolve this puzzle,
it is necessary to not only develop some type of'new theoretical
model of the phenomenon, but also Lo determine the extent to
which the momenta of the particles in the forward cone are coh-
served in passing through the nucleus.

In order to clear up these paradoxes, several hypothetical

considerations are attractive.
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.. Hypothegis 1. As was noted by G. T. Zatsepinii, and then by

- E. L. Felnberg and other physicists, the interaction of the in-
coming nucléon with the first of the nuclecns of the nucleus must -
lead to a partial tearing off of 1ts dense meson cover ("coat"),
which 1s responsible for the peripheral character of the majority
of processes of multiple particle production. Since the restora-
tion of the normal "coat" to this "half-dressed" {(or "half-nude")
nucleon requires a finite time, compared to its paSsage time
through the whole nucleus, fewer additional particles are pro-

duced 1n subseqguent collisions.

Hypothesis 2. Because of the contractlon of the longitudi-

nal dimensions of all rapidly moving bodies, the complex nucleus

no longer appears to be aibag of apples from the polnt of view '

of the incoming particle, but rather a pile of "pancakes". Since
the spreading of the strong Interaction effect is finite, the %é&é&\
incident particle has time to interact practicalily instantaneously
with the whole pile, or more precisely, with the "column" of

"pancake dough" which 1t intersects. This effect ought to be
particularly strong at energies exceeding 100 GeV, in which case

it leads as if to a "drilling" of a tunnel in the "plle of pan-

cakes". This explains why the excitation of the nucleus as a

whole 1s relatively small. A quantitative caleulaticn of mul-

tiple particle productlon can be carried out in the framework of

the hydrodynamic model; this calculation shows that the average
multiplicity ought to increase by only a very small powef of the

number of nuclecns in the nucleus (Q-Ao'z).

Hypothesis 3. If one starts with the fireball model, then

one can foresee that the increase with energy of the lifetime of
the fast fireball, which appeared in the interaction with the
"external" nucleon, leads in the end to the ejection of the fire=

ball as an undecayed entity. The number of fast particles in
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this case can change only at the expense of the interactions of
the primary particle, which carriles off the remainder of the
energy. However, if several fireballs were formed, thien the
slower among them have time to decay in the nucleus, and thils
distorts the angular and energy distributions of the slow part
of the specgrum of the created particles. According to the data
of the Polish physicists, all these qualltative effects were ac-
fually observed; and this permitted them to make an estimate of
the 1lifetime of the fireball.

It must be admitted, however, than only a more detailed
study of the interactions of nuclel uslng the most powerful con-
temporary accelerators will allow the possibility of tipping the

scales in the use of one or another hypothesis.

The entirely non-trivial characteristics of the process of
particle production on nuclei is also obvious in studies of the
Energy spectrum of particles. From the point of view of the
primitive "ball" nodel for the collision of two "packages of
Christmas tree ornaments", none of the projectiles obtaln an en-
ergy greater than that of any of the incident "balls" taken sepa-
rately. It 1s true that there are processes which take place,
let us say, with the expulsion of particles of lunar matter as a
result of meteors striking the Moon when this limit is not
obeyed. But a priori, it is by no means clear to what extent
cumulative processes; i.e., processes ilnvelving & concentration
of energy in a small number of particles which are peculiar to.
elementafy particles, especially if one considers that the inter-
actions of macroscoplic bodies are related not to the strong,
but to the electromagnetic interactions of particles; Therefore,

the analogy with the meteor does not prove anything.
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~In 1971, the Scviet physicist-

' ﬁA;:M.wBaldwinipr@posed‘that.the'prO—

- cesses of“the cumulative .type.must
- alsc occur in multiple hadron pro-
duction. The basic conditions of
such an effect must be the chance

encounter of at least Three high

energy particles in a volume whose
size does not exceed the radlus of

the strong interaction.

A direct confirmation of this
bold hypothesis was obtained from
the results of an experiment which

was recently performed on the large

proton synchrotron at Dubna by V. 3,

oftavinskiy and his colleagues. The

experiment consisted of studying the

energy spectrum of the pions pro-

duced by_deuterium {the nucleus of
heavy hydrogen) which has been ac-
celerated to an energy EO = 9 GeV,

1t was found that there was a signi-

ficant "tall"™ of particles of ener-

gies greater than 4.5 GeV in the pion

X)— '”fﬁa?
g7 '

1]

A

b
e e

Figure 56. Experi-
mentai data3£ﬁ of the
spectrum of 7 -meson
preductlion by deuferium
in the region (X >
0.5) where the momentum
of the pion exceeds
the momenta of each of
the deuteron nucleons
and thes spectrum cal-
culated on the basis:
of the cumulative
model (s0lid curve).
The arrow corresponds
to an energy of 4.5

GeV

spectrum (Flgure 56). Calculations showed that the probability
of such an intra-nuclear accumulation of effects can be deter-
mined by starting with the probability of approach of three nu-

cleons (ftwo incident and one stationary) to within a distance o'

not less than the strong interaction radius.
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During fhe course of the entire book, the reader has had the
oppertunity .to familiafize'himself with both the'basib, experi-
mentally studied properties and the characteristic features of
the precess of multiple particle production and the models devel-
oped for the theoretical description and explanation of these
properties in opder fto understand the essence of the phenomena,
which confronted physicists as an enormous diversity of different
reactions involving one, tens, and sometlime hundreds of elemen-
tary particles.

A short summary of the basic experimental data is given by
the following seven statements (if we limit ourselves only to

hadron collisions).

1. Tﬁé-total proton interaction cross section Gt

both elastic and inelastic processes) almost becomes constant as
v B0 - 70 GeV).

the energy E, increases (usually to the region E

0 0
For energies greater than 100 GeV, the proton-proton interaction

¢ross section begins to increase.

2. The average multiplicity of the process (N) increases

1/3
0

subsequently, 1t tends toward.a logarithmie law of increase.

roughly as E with increasing energy up to 50 - 70 GeV, and,

The topological or partial cross sections {(for fixed multipli-
clty) pass through a maximum after a sharp increase at low
energies (2 - 10 GeV).

3. The angular distributions N (sc) In the c.m. system of

the colliding particles slowly become anisotropic, on.the average,
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as-the energy increases (they are stretched out in the direc-
tions 0° and 180°).

4. The distributions gﬁp;ﬂ of transverse momenta pass

through a maximum at (PL~ M= (m1T is the pion:mass, c¢ is the speed

of light); the quantities wﬂ decrease from the very beginning ap-
proximately by thé same (exponential) law, which breaks down
only for Prcg 1.5 GeV/e.

5. In the distributions of longltudinal momenta [p;)}, the
"ieading" particles stand out, especially in the case of low mul-
tiplicities. These particles carry off a momentum equal to the

initial momentum (pmax), and tend to preserve the guantum .char-

acteristics of the initial particle (the baryon number, charge,

etec.). The distribution of the momentum ratio X = py/Pmad at suf-
ficlently high energies (for a flxed value “P1) tends asymptotl—

‘cally to its limiting form.

6. The[§§ﬁgggfﬁiﬁa\of the creagated parficles at not very
high energies  (tens of GeV) is distinguished by the pronounced
dominance of pions with a significant admixturé\of K-mesons, and’

a small number of anti-nucleons. At energiles of hundreds or

thousands of GeV, the fraction of K-mesons increases significantly

and the anti-nucleons — very strongly.

7. For energies > 10 GeV and for sufficiently high multi-
plicities, there is a tendency in the indtial stage of the inter-
action for the particles to unite into more massive blobs
("clusters™, or fireballs). |
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- —At least eight theoretical models, the classiflication of

. Wwhich 1s given 1iIn Table 4?, are_invoked to gquantitatively describe
these seven fundamental facts. It 1s necessary to note that
another series of models has been purposely excluded, since fhey
are either poorly deveioped guantitatively or are of only histori-
cal interest, and do not withstand the "criterion of practice”
(there are only a few in thils category), or.have a too restricted
range of‘applicability, or, finally, yield to a physical infer-
pretation only with difficulty and have a formal mathematical
character. !

]

The basic points for which the given model in the table
agrees (or at least is not contradicted) with experiment are

indicated by a plus =lign.

At -first glance at the table, one discerns the situation
which 18 often summarizged at scientific conferences in the form
of the thesis: "almost all models describe almost all experi-
mental facts"*% (moreover, thoese who like categorical statements:
do not even use the gualifier "almost").

In connectlion with this, we would l1like to direct particular
attention to the column of Table 4 in which are compared the
different predictions.of the dependence of the average multiplicity
of the production of pafticles on the energy EO of the initial

hadron. The prediction of the multiperipheral models is that a

*

From the point of view of the mechanism of multiple particle
production, the last twe models.are merely variations of the
gsame idea. ‘ ‘ '

* %

The single minus sign in the table indicates not so much a
direct conftradiction of the hydrodynamic model by experiment as
the blased interpretations of the eorresponding experimental .
facts. '
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TABLE 4. THE BASIC MODELS OF MULTIPLE PARTICLE PRODUCTION

% Primary Fundamental results
= Model Authors ] (predictions of dependenciles)
” ‘ |- far- Fireballs
g wnl  wae | ne | moplaepCLE {clusters)
9 ¢ (L Rz / s RPN oy
_, |Resge exchange Ter-Martirosyan,. 1963 | .+ EE + ;;+~' L%‘<!';AV'
S [Extreme frag- Yaig, 1970 s RN T N PR .
o mentation '
5, Multisgherical Chan-Loskevlich-Alli~ e N E R P
o mode son, 1968 N~lgE | + | + a +
Multi-fireball Dremin-Rolizen- “ul ‘ ~ S
v ol N lgFo | +- N RS
A madel Chernaveckiy, 1969 }%) ;g g ;+- uﬂ7 ,+AL' +
« |[Thermodynamic Fermi, 1950 o :
- Y Pomeranchik, 1951 o cﬁ o .ff * N
ﬂ Thermodynamic (+ |Hagedorn, 1965 e el B G AN I C S LI
0 addl. assump=. . . _ : . |- -
S tions - S AR | : :
= [Hydrodynamic 'Landau, 1953 N~ER b4+ | + ¥ 5+ -
J:I.J,) = .
T
g:;a) Quark model Gell-Mann, 1964 RN I R i
H&8p) Parton model |Feynman, 1969 + 0+ L+
IRE _
%

These results are postulated, not deduced.
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depéndence of the type‘N'ﬁ log EO must result when the longi- /156

' tudinal momenta of the_particles in the c.m. system begin to

substantially (by several times) exceed the transverse momenta.
And, in fact, at energies EO > 50 GeV, the experimental data for

the average number of charged particles fits-the simple formula:
N.~~3,51g B (GeV) )

fairly well.

However, the proponents of the hydrodynamic or thermodynamic
models polnt out that their predictions for energies accessible
to contemporary accelerators alsc agree falrly.well with experi-
meﬁé%} Several authors even propose generalizations of the formula
whicn determines the average multiplicity for arbitrary energiles
and which, for sufficilently high*EO, is given by the particularly
simple form:

N ZE'J‘L(E}eYQJ

That is why the high energy "gap", which physicists are try-
ing to reach by using cosmic rays, 1s so important. They main-
taln that the logarithmic law clearly gives a decrease in the

multipliéiﬁy féf'energies onn the order of 10lll eV'and higher
(energies which determine the development of extensive atmos-

pheric showers).

No less important is the analysis of the distributions of
the multiplicity about the mean value. As was noted in Chapter 5,
in thé hydrodynamic model, it 1s difficult to explain the experi- .
mentally observed wide distribution (for which the average spread
exceeds the average by a factor of 2), and a rigorous gquantlta- |

tive analysis of this distribution has not yet been made. There
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is great interest in this regard in the analysis of lpalir| corre-

- lations between the. angles of emission of thé particles. This

has been carried out for a series of collidihgrbeam experiments

on accelerators. The observatien of obviously expressed correla-

tions in conjunction with the "anomolously" large spread in the
multiplicity of the created particles leads many specialists to

“the conclusicn that at least two different types of hadron inter-
actlions exist. One of these possibly fits . into the framework of -

the multiperipheral model, and the other apparently is somehow
related to the process of diffractive production of particles. C /157
It is true that an investigation of the characteristics of this

second process at energies on the order of 1012 eV has not

succeeded as it should.

Does this abundance of more or less "sultable" models signify
é multivaluedness of truth, a concession to a philosophical rela-
tivity? Or-is this perhaps an exceptional temporary situation
during which scientists are trying different approaches to one
and the same process, methods of stressing its different as-
pects, approcaches which in the future will fuse 1nto. a single,
rigorous theory in analégy to the way in which quantum physics
realized a limited synthesis of the wave and corpuscular deserip-
tions of matter? Or, finally, will there occur ih the future
a "revaluation of values" when some initial ideas are found to

be senseless, simllar to the cases of phlegm in the scilence of

heat phenomena or to ‘iezE.h__e_r’_irl_j_h,eﬁ__%}j_e_é_mgpgt_%c_ﬁbspzz?\

To the author, it seems more probable that the majority,
1f not all, do not exclude one another, but rather complement
each other. And, although there is a c¢lose internal relatienship
between the models, processes in nature of a guite different type

can occur even for the same initial conditlons of the collisions.
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.In order to substantiate this point of view, we will con-
‘ sider the interrelationships of the models first within the

limits of one class, and then between @;asses.

The simple peripheral'models of the single particle exchange
type, which completely suffice, let us say, for the description
of diffractive disassociation, can beéiiﬁ&%ﬁ%of as a particular
case of a more general multiperipheral model. The latter model
allows one to understand how "clusterization", the union of the
particles into one blob, similar to a fireball, occurs as multi-
plicity increases. As the research of the Soviet theoreticilan
V. N. Gribov and his celleagues showed, such a model, in the case
of sufficiently high energles, logically and unavoidably leads to
the decay of the single blob into particles which are distinctly
separate. One ends up with something like a gas which is in its
~critical state and which tends to condense into individual dense
drops of matter. In order to find the degree to which the effect
of “elustering" provides for the decay of the single blob into
two (or more) fireballs, more detailed investigations of the cor-
relations between the momenta of the particles at energles of
many. thousands of GeV and higher are needed. IXxperiment does not
yet let us understand thils as we should. But, if such a possi-
bility is lacking, then the multiperipheral model will be similar
to the multi-fireball model in & known way.

We will move on  £o the statistlical models, whlch completely
disregard any internal structure of the colliding particles. The
neglect of structure, as was noted in Chapter 5, can be justified
elther in those speclal processes such as particle annihilation,
or for those particles (subsystems) of a more complex structure
relative to the system. In-the Hagedorn model, the attempt is
made to break up the complex structured system into a large num-

ber structureless systems, which are subject to the laws of U(usJ.J
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thermodynamics, and which participate in collective longitudinal

motion.

The physical grounds of such collective motion‘onéthe basis
of macroscoplc.analogies with the dynamics of non-equilibrium
condensed liguid are given by the medel of Landau and its valid-
ity by  the fundamental success of the concrete definition of this
analogy {in particular, by the correct choice of.thé eguations
of state of the liguid). S

An additional substantiation of the legallty of thils macro-
scopic analcgy was made with the help of guantum field theory.
On the other hand, the structural specifics of the initial state
{before the collision) fo?'a large n@mber of created pafticles
are considered as immaterial in this model. It may be that it is
necessary to "pay for" this shortcoming by the absence of con-
cre@e predictions concerning the nature of the leading particles.
The quark and parton models bring us back to the problem
of the internal structure of hadrons in general and. nucleons in
particular. Quarks can be considered (until centradicted by ex-
periment) as simply concrete variations of the more general par-
ton model. At first glance, both of these structural versions
are totally different from the structural ‘medels of the peripheral
theories: if guarks and partons are like 1little seeds submerged
in the "depths" of a type of raspberry jam, then something rather
like a cherry with a dense'core ("pit") and a 1oose'covering
figures 1in the exchange of virtual particles. In fact; these two -
crude analogles are by no means mutually exclusive. We have al-
ready convinced ourselves that in the example of the simplest
process, elastic scattering, the form (or more precisely, the /159
form-factor) of the colliding particles gradually changes, de- . q——_—

pending on their relative velocity. In principle, one can imagine-
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how . quantitative changes in structure turn into qualitative ones
at sufficiently high velocities. The gquark and parton models
only differ in ﬁonessential details. The important thing'is that
they consider different aspects of 1nternal structure: the parton
model is concerned with the space-time character of the elemen-
tary particle structure, and the quark model considers those de-
grees of freedom which are reflected in the quantum numbers
(charge, hypercharge, isospin) of the same structural elements.
Therefore, quarks can also be consldered as concrete manifesta-
tions of partons. Together they are preparing the way for the
explanation of the phendmenon that fthe gquarks exlst only in a
virtual form, and not as real particles. Experiment has not yet
excluded the completely different possibility that partons will

. turn out to.be the more or less"usual.(éXcept‘forrtheir'Nirtual—
ity) hadrons. However, from general censiderations, one can con-
~sider that the transition to small scale structural elements will
be accompanied by a large increase in thelr mass.:

We will now consider the interrelationships between the
different classes of models.

At the beginning of Chapter 5, we discussed the fact that a
statistical factor in the form of the influence of the phase vol;
ume on the total probébility of one or ancther reaction apﬁears
wilthout exceptlon 1n all peripheral procésses right up to the
diffractive disassociation of particles; In any peripheral model,
one <can make a more or less clear distinction between kinematiCs,
wﬂich is determined only by the size of the available phase'space
volume (to the first order by the possibility of the. distribution
of momehtum‘among a given set of particles), and dynamics: The ,
latter is related to both the characteristics of the strong in-
teractilon between particles and the character of the initial and

final states of the syastem (in the form of wave functions),
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including!| the-selection rules which result from the conservation

laws of wvarious quantum numbers of the system.

The purely statistical models, which do not consider dynam-

ics at all, can be considersd only as limiting cases which occur

~
'_l
[
[

|

only for complete "mixing" of all the created particles, and one
of the reasons for this mixing is the large number of particles,
a number so large that in a first approximation the system of
created particles can be considered as a continuous medium in

equilibrium wilith the radiétion.

However, there remaiﬁs first the question of how (therme-
dynamically=or hydrodynamically) to regard the state of the field
until it decays into individual gquanta, the particles, and,
second, to what degree and in what stage of the process are

corpuscular considerations admissible.

We conventionally called the final class of models struc-
tural cnes, in spite of the fact that in peripheral models the
structure of the initial particle is considered in one way or
another, in the case of the dynamics, related to virtual particle
exchange. However, in the quark or parton model, one is con-
cerned with a more or 1less higher order structure — the corre-
sponding processes of deep inelastic scattering have been Justly
named (in the case of electromagnetic interactions); let us recall
that not only baryons, but also mesons and resonances can be
"constructed" from strongly bound, very heavy subparticles. It
is suffieient to make the fully natural admission that ncot all
the "subparticles™ are equally bound to one another. Therefore,
a sufficiently strong perturbation does not have time to spread
to all the internal bonds {(or degrees of freedom), and we will,
consequently, conclude that at very high energies, "second order"

structure can bé determined. The appearance of this more or leas -
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deep-structure in a definite stage of the process {or decay into
free particles) agaln requires a calculation of the statistical
regularity.

in consildering the parton model, a compariscn of the nucleon
with a free suggests itself. Ripe'ffuit hangs on 1ts branches,
and with a relatively small, but sharp, jolt, individual fruits
break away, and as.a result of their'high ehergy concentration,

they immediately "burst" and decay intoe particles.

The Route Upwards on the Ladder of . Energy

'Things which are difficult to undersfand are encountered not
only in physies. Thus, for example, the American anti-positivist

philosopher N. Hanson gives, in-the book Perception and Discovery,

the following definition of the concept of a scilentific fact: /161
"Facts are those aspects of the real world which can be repre-

sented in an 1somorphous correspondence with the design of addi-

tional accessory prOposalsf" At first glance, this highly ab -

struse formulation, which even smacks of 1dealism, emphasizes the

close connection between the result of the sclentific observation

and its intgrpretatibn from the:point of view of the current no-

tions of the essence and causes of the correspdnding natural

phenomena.

For this vefy reason, the author in all the prece&ing chap-
‘ters has tried to malntain a not too large distance between the
statement of. experimental data of multiple particle production
and the description of "suitable" theoretical models of this com-
plex phenomenon. But each model is indeed a hypothesis, and a
nypothesis is not simply a "rough draft" of one among séveral
possible theories, but rather a question posed by nature. - The i

meaningfulness and value of each such guestion is characterized
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best by its predictive force. Therefore, the question itself is
desirably formulated in the form of a logical consequence: 1f the
facts A, B, etc., which we observed, are explained by such and

such a model of the phenomenon, then from this, the new facts Al,
1° etc., must unavoidably follow (this means, one must verify

that this is so0).

Now it is already clear that the persuasiveness and value
of each_stated'hypothesis is determined by the'scope of . the phe-
nomena it includes, relative to the physies of strong interac-
tions. That is why models which allow a description from the
same point of view of both elastic and inelastic interactions of .
nucleons, pions, K-mesons, and other hadrons, processes of parti-
cle producti&n in any reasonable numbers and of any:type, and
the variation of the initial energy over a very wide range are
more appealing. DMoreover, as we convinced ourselves in the ex-
aimple of the parton hypothesls, the analysis of:phenomena in -
wh%ch strong interactions are combined with the electromagnetic,

‘and perhaps with the weak, promises better prospects.

_ It is very 1mportant to discover the profeound and intimate
relatiénships which exist among the classification principles of
the elementary particles (above all, the symmetry principles of
the strong interactioné) and the laws of their multiple production.

Great hopes'are placed on the region of asymptotically high éiég
energies, in which 1s expected, on the cne hand, a simpler form
of the law of multiple particle production and, on the other,
an obliteration of the differences between particles and anti-

particles and perhaps even between all hadrons in general.
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The entire discussion
of the arguments here allow
one fto justify and under~
stand the impatience and en-
thusiasm which physicists
(both experimental and theo-
retical) show with respect
to the most rapid construc-
tion of accelerators, which
are designed fo produce
higher and higher beams of
unstable particleség This
route upwards on the ladder
of ever increasing particle
energy 1s very, very dif-
ficult. It requires the
continuous progress of
particle accelerator tech-
nology, and the solution

of an entire series of

Figure 57. Layout (to scale) of
two existing and one projected ac-
celeratcor at CERN: '

PS — proton synchrotron designed
for energies up to 31.5 GeV; ISR —
storage ring for intersecting
beams; SPS — proton"supersynchro-
tron" for 300 -~ 500 GeV; BEBC -—
large European bubble chamber:

WN —— one of-the experimental
halls with the transported beam of
particles

"accompanying" high class englneering problems. It is sufficlent

to mention such requirements like the huge radii of the orbits of

the accelerated particles, which increase in the normal ring-

shaped accelerators 1n proportion to the energy attained,'the

necessity of high vacuums in very large volumes (especially in

colllding beam acceleraters), the development of large electro-

magnets with superconducting Windings (as with accelerators, so

it is with detection| apparatus), the development of electronic

computers with enormous memories and high speed operating

capabllities.

By way of 1llustration of the scales of contemporary in-..

stallations, we have reproduced a scaled schematic drawing of two
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exlsting and one planned (for energies of 300 - 500 GeV) proton
accelerators of the European Center of Nuclear Research (CERN)
in Geneva (Figure 57).

Roughly the same energy (400 GeV) has already been reached
by the American accelerator at Batavia, which has a diameter of
approximately 2 km (Figure 58), where methods are being investi-

gated to increase the proton energy to 1000 GeV. At Batavia,

Figure 58. Part of the ring-shaped tunnel of the accelera-

tor at Batavia (U.S.A.), in which, in December, 1972, pro-

tons were accelerated to an energy of 400 GeV. The dia-
meter of the accelerator is about 2 km

¥

The author wishes to make use of this chance to express his pro-
found gratitude to the Scientific Information Service of CERN,
which provided Figures 8, 10b, 45, and 58 of this book.

189



NS o

there is also a realistic project to constrgct storage rings and
intersecting beams of particles of such an energy that would al-

low particle interactions at an effective énergy.of 1014 - 1017 /163
eV by the beginning of the 80's.

By now physilcists. are beginning to get used to gigantic
bubble chambers similar to the 2-meter hydrogen chamber "Mira-
belle", which began operating at Serpukhov in 1972. Accumulated
experience allows a further increase of the volume of detectors
of both this type and the ‘simple, moré basic ones, like, for ex-
ample, the use of a complex of spark chambers in a magnetic field
(magnetic spectrometer), which allows one to measure particle

momenta to within an accuracy of v 1%.

The new "generation" of accelerators, the energies of which
are reckoned in hundreds of GeV, have already begun to bear first
"fruit". In particular, very impertant data concerning the dis-
tribution of the number of particles produced at these energies
and the.correlations between their emission angles have been ob- -
talned. In the very near future, there will be a decizsive test
of these models of multiple production which categorically pre-
dict the emergence of a logarithmic dependence of multiplicity

on. the initial energy}

In view of the forced and eXtremely expensive "megalomania", /165

physicists and engineers.are intensely working on'fundaﬁentally
new methods of accelerating particles. The idea proposed by the

. Soviet physicist V. I. Veksler of the collectlve acceleration of

protons and nuclel was found to be very promising in this respect.
It consists of accelerating not the heaviest particles, but
rather rings of electron current with the ions interspersed
among- the electrons. The current rings are used in the capacilty

of stable blobs of plasma. The electrons, which are moving about -
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-In._this plasma, more or less "pull" the positively charged nu~
clear particles (in the form of ions)} along with them. An ex-
perimental set-up which works bj'this'pfinCiple has been recently
bullt at Dubna by a collaboratiocn of scientists and engineers
under the leadership of V. P. Sarantsev, together with Veksler.

The continuous progress -in acecelerator technology does not
leave the cosmlic ray physicists indifferent either. An apparatus
is being bullt 'at the present time 1n the Pamir mountains (at an

altitude of about 5 km)} wWhose area is of the order of 1000 mg,

on which several sets of X-ray film will be interleafed with lead
filters. Such an apparatus allows one to study the families:;of.
photon- quanta which are produced (by means of intermediate n°-

mesons) in processes of multiple particle production on nuclel

in the atmosphere at energies of at least 1015 eV¥. The partici-
pants in the experiment are preparing to use hadron "blocks" —
multi-layered "sandwiches" of lead and photoemulsions which per-
mit the registration aﬁd measurement othhe energies and emission
angles of the penetrating particles (hadrons) created simultane-
ously with the n%-mesons. In.view of the very time-consuming
nature and the fundamental significance of the work, a scientific
collaboration of an entire series of laboratories in-Moscow and

the republies 18\ taking part in this effort.

At the present time, it is difficult, even impossible, to
foresee what will zllow man tc penetrate deeply into the fundaQ
merital laws of strong, electromagnetic, and weak interactions of
particles. Currently, only genheral statements can be made con-
cerning their features. Above all, this is wisdom, an under-
standing of how the "building blocks" of the surreunding -world
are constructed, and how,they behave, net .enly under,hormal con-
‘ditiofis of Barth, but alse under completely different. conditions

of superhigh tempergtures, which are also.characteristic,of ...
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other very hot "spots" of the contemporary Universe and of the
superhot stages of development of the entire Universe in the

remote past.

On this basis, the most varied possibilities of technical
applications can appear, starting from the new sources of highly /166
concentrated energy, methods of storiﬁg'iﬁ, transforming 1t, and
transmitting it, and thereby realizing new methods of communica-

. tion which know no obstacles or hindrances, perhaps on the scale

of the remote cosmos.

The carping reader will remark here that the author 1s being
carried away by groundless, unfounded fantasies and conjectures.
To.a:significant -extent, this 1s true. But if noe conJectures are
made, then there remains only to refer to the parable of Euclid.
When one of his disciples tried persistently to find out what the
practical applications of the studiles of parallel lines were,
Euclid called s slave and said approximaﬁely-the following:

"Give this young man some colns and let him go: he came to me not

for knowledge, but for profit."

Twenty centuries separate us from the era of Euclid. The
experience of the develbpment of human civiligation shows that
~ the gap between "pure" knowledge and its practical use remains an
advantagél It even becomes deeper and, at the same time, short-'
- ens. It ‘deepens)| because in order to understand the &ven moreé
profound, universal, and, fundamental laws  of nature, especlally
in physics, a very high degree of abstraction 1s necessary, and
this operates by means of concepts and a mathematical apparatus
which haS:only a remote relationship to that which can be di-

rectly observed, even in delicate laboratory éxperiments.
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~ This gap shortens becausé the time lag 1n brlnging the
sclentific achievements inte productlion has décreased, the pé?—
centage of the population engaged in sclentific activity has
sharply increased, and experimental science rests on the very

foremost technologlcal achievements..éf.the era.

In purely practical and even financial areas, the expendi-
tures on the basic sclences are not so great.- As.-S. F. Powell
remarked in his Nobel Laureate address, "Everything which has
been spent by mankind on this noble activity 1s repald by two
weeks production of world industry.'" And, at the same time, the
whole economic structure and, in general, the entire appearance
of cdntemporary civilization rest, 1n the final analysis, on- the
strong foundation of knowiedge which in one way or another

\originates in pure curliosity-.

Translated for National Aeronautics and Space Adminlstration
under contract No. NASw 2483, by SCITRAN, P. 0. Box 5456, Santa
: Barbara, California, 93108
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